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Abstract Seed priming is a crucial method to induce

tolerance capabilities in plants against various abiotic

stresses. Seed priming is associated with an induction of

number of physiological and biochemical changes in plants

by the treatment of natural and/or synthetic compounds to

the seeds before their germination. The aim of this study

was to investigate whether salicylic acid (SA)-seed priming

is involved in the regulation of hexavalent chromium

[Cr(VI)] and UV-B toxicity in maize seedlings. For this,

the accumulation of dry mass, Cr and SA, chlorophyll

fluorescence, oxidative stress markers i.e. reactive oxygen

species (ROS; O2
�-, �OH and H2O2) and antioxidants were

determined. Treatment of Cr(VI) (50 and 250 lM) de-

clined growth and chlorophyll fluorescence parameters- Fv/

Fm, Fv/F0, Fm/F0 and qP which accompanied by an increase

in NPQ and the accumulation of Cr, and a decline in level

of SA. The UV-B also exerts similar effects on growth,

chlorophyll fluorescence and level of SA, and damaging

effects become intense when combined with Cr(VI). SA-

seed priming reduced Cr(VI) and UV-B toxicity on growth

which accompanied by a decline in the accumulation of Cr.

Cr(VI) and UV-B enhanced generation of O2
�-, �OH and

H2O2 which subsequently cause damage to lipids and

proteins and thus, a decrease in membrane stability was

noticed. Both stresses enhanced activities of superoxide

dismutase and ascorbate peroxidase while activities of

catalase and glutathione reductase were inhibited sig-

nificantly. Furthermore, the results show that Cr(VI) and

UV-B declined contents of total ascorbate and glutathione.

This study suggests that Cr(VI) and UV-B might alter

biosynthesis of SA as indicated by a decreased level of SA.

However, SA-seed priming might act as a signal that re-

duces the accumulation of Cr and ROS and triggers up-

regulation of antioxidants, which subsequently counteract

Cr(VI) and UV-B toxicity and hence an improved growth

was noticed.
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Abbreviations

F0 Minimal fluorescence

Fv (Fm - F0) Variable fluorescence in dark adapted

leaves

Fv/Fm Maximum photochemical efficiency of PS

II

Fv/F0 The activity of PS II

Fm/F0 Electron transport rate through PS II

qP Photochemical quenching

NPQ Non-photochemical quenching

ASC Ascorbate

APX Ascorbate peroxidase

CAT Catalase

GSH Glutathione

GR Glutathione reductase

H2O2 Hydrogen peroxide
�OH Hydroxyl radical

ROS Reactive oxygen species
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RCG Reactive carbonyl groups

O2
�- Superoxide radical

SOD Superoxide dismutase

MDA Malondialdehyde

Introduction

Heavy metals are posing great threat to plant productivity

as they are potential sources of abiotic stresses and Cr is

one of them. The major sources of hexavalent chromium

[Cr(VI)] are industrial inputs as it is frequently used in

steel, alloys, cast iron, chrome plating, dyes and pigments,

textile, leather tanning and wood preservation (Shanker

et al. 2005). Cr production has been estimated to be more

than hundred million tons globally and has significantly

been increased since the 1950s (Adriano 1986; Shanker

et al. 2005). The concentration of Cr in natural soil ranges

from 10 to 50 mg/kg and can even reach up to 125 g/kg

(Adriano 1986). In India, the concentration of Cr varies

from 161.8 to 6227.8 mg/kg (average of 2652.3 mg/kg)

near industrial sites which is far above than acceptable

limit (Gowd et al. 2010). The Cr(VI) is reported to be

highly toxic because it has potential to pass through the

plasma membrane and can subsequently oxidize various

biomolecules. The hazardous effects of Cr(VI) on seed

germination, mitosis, growth, leaf area, pigments, photo-

synthesis, nitrogen and sulfur metabolism and stomatal

functioning have been reported in the earlier studies (Ali

et al. 2006; Schiavon et al. 2008; Gangwar and Singh 2011;

Dotaniya et al. 2014). Production of ROS under Cr(VI)

stress resulted in an oxidative stress, which leads damage to

proteins, lipids and DNA (Gangwar and Singh 2011; Pat-

naik et al. 2013; Chen et al. 2014). Thus, Cr(VI) toxicity

affects plants from molecular to the ecosystem level. Be-

sides this, entry of Cr(VI) into the food chain poses great

threat to the human beings. Therefore, studies on investi-

gations of Cr(VI) toxicity responses and reduction of its

load in the food chain are still a matter of research.

The wide spread applications of chlorofluorocarbons

(CFCs) in refrigerating devices and their subsequent re-

lease into the atmosphere is causing depletion of the

stratospheric ozone layer resulting into the enhanced solar

UV-B radiation at the Earth’s surface (WMO 2007).

Although due to the successful implementation of Montreal

Protocol there has been a reduction in ozone depleting

substances and solar UV-B as well, however, terrestrial

ecosystems still appear to be sensitive to UV-B due to the

variations in its irradiance (Ballaré et al. 2011). Photoau-

totrops are absolutely dependent on the solar radiation for

their survival and thus cannot escape the damaging impact

of UV-B (Sullivan and Teramura 1989; Mishra et al. 2009;

Yu et al. 2013; Pandey and Pandey-Rai 2014). The dele-

terious effects of UV-B on plant growth and development,

photosynthesis and biomass production have been observed

under field and controlled conditions (Casati et al. 2008;

Lavola et al. 2013; Liu et al. 2013; Nawkar et al. 2013;

Choudhary and Agrawal 2014). Teramura and Sullivan

(1991) observed 19–25 % reduction in yield of soybean

due to the enhanced solar UV-B radiation. Furthermore,

Pandey and Pandey-Rai (2014) also reported damage to

photosystem II and ribulose-1,5-bisphosphate carboxylase/

oxygenase (RUBISCO), and reductions in photosynthetic

capacity, ribulose-1,5-bisphosphate (RuBP) regeneration

and quantum yield by UV-B radiation. Hui et al. (2013)

have reported ultrastructure changes in Bryum argenteum

after exposure to the UV-B radiation. Therefore, in spite of

enormous studies, research dealing with an impact of UV-

B on photoautotrophs is still a matter of investigation be-

cause of its damaging nature at higher rate.

Salicylic acid (SA), a phenolic compound, is a potent

signaling molecule in plants and is well established for its

role in eliciting specific responses to the biotic stresses

(O’Donnell et al. 2001; Kuźniak et al. 2013). Besides this,

SA is also known to be involved in abiotic stress signaling

including plant responses to heavy metals and UV-B

(Metwally et al. 2003; Freeman et al. 2005; Bandurska and

Ciéslak 2013; Choudhary and Agrawal 2014). SA may be

synthesized in plants either directly by shikimate/choris-

mate (isochorismate) pathway or indirectly via phenylala-

nine (Bandurska and Ciéslak 2013). SA has been shown to

accumulate in plants in response to various abiotic stresses

and this correlates with the accumulation of the an-

tioxidants such as reduced glutathione (GSH) and glu-

tathione reductase (Freeman et al. 2005; Zhou et al. 2009;

Cui et al. 2012). Furthermore, it has been suggested that SA

is involved directly in signaling of antioxidant responses,

however, the signaling mechanisms are still unclear and

need further investigations.

In natural field conditions, multiple stresses [like Cr(VI)

and UV-B] are likely to co-exist and simultaneously they

may cause more severe damage to plants and other non-

selective organisms. Besides this, the negative impact of

one stress may get modified up to certain degree by other

stressors. Keeping the above facts into consideration, this

study has been undertaken to investigate: (1) effect of

Cr(VI) and UV-B alone and together on the accumulation

of dry mass, photosynthesis, oxidative stress and an-

tioxidant system in maize seedlings, (2) effect of Cr(VI)

and UV-B on SA level, and (3) probable involvement of

SA seed priming in the regulation of Cr(VI) and UV-B

toxicity in maize seedlings. Maize is the third most im-

portant crop in the world and is reported to be sensitive

against increased UV-B radiation (Correia et al. 2000; Yin
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and Wang 2012). An Indian report also illustrates that

maize is sensitive to UV-B as shown by alterations in

chlorophyll fluorescence characteristics (Shine and Gu-

ruprasad 2012). Therefore, we have chosen maize as a

model organism to investigate an impact of SA-seed

priming in the regulation of Cr(VI) and UV-B toxicity.

Material and methods

Plant material and growth conditions

Seeds of maize (Zea mays L. cv. Nootan) were surface-

sterilized, thoroughly washed and soaked for 24 h in ster-

ilized distilled water. Pre-soaked seeds were sown in

plastic trays filled with acid washed sterilized sand and

incubated for 2 days in the darkness. Seedlings were grown

in controlled conditions (light/dark regime of 16/8 h at

30/26 �C, relative humidity of 60–70 %, photosynthetic

active radiation (PAR) of 350 lmol photons m-2 s-1) and

watered regularly. Seven days after sowing, uniform

seedlings were gently transferred in 0.2 strength Rorison

nutrient medium (pH 6.8) containing mM: 0.4 Ca (NO3)2,

0.2 MgSO4 and 0.2 KH2PO4, and lM: 0.1 CuSO4.5H2O,

0.2 ZnSO4.7H2O, 9.2 H3BO3, 1.8 MnCl2.4H2O, 0.2 Na2-

MoO4.2H2O and 10 Fe-EDTA. The nutrient medium was

changed regularly and aerated with sterile air to avoid root

anoxia.

Cr(VI) and UV-B treatments

After acclimatization in the nutrient medium for 3 days, on

11th day, one set of healthy and uniform sized seedlings

were transferred into fresh nutrient medium containing 0,

50 and 250 lM of Cr(VI) (as K2Cr2O7) and thereafter half

of the seedlings from Cr(VI) treated set were irradiated

with three successive exposures of UV-B (0.4 lmol pho-

tons m-2 s-1) for 4 h daily from 12th to 14th day.

Similarly, another set of seedlings grown without Cr(VI)

was also irradiated with UV-B. Prior to this, on the basis of

screening experiments two concentrations of Cr(VI) (50

and 250 lM; environmentally relevant) and UV-B ra-

diation (corresponds to 5.2 kJ m-2) were selected for this

study. The used UV-B dose is biologically effective ac-

cording to the biological spectral weighting function (Flint

and Caldwell 2003). Samples were irradiated with

fluorescent UV-B tube (TL 40 W/12 Philips, Holland) with

its main output at 312 nm together with white light

(50 lmol photons m-2 s-1, PAR). The radiation was fil-

tered through 0.127 mm cellulose acetate (Johnston In-

dustrial Plastics, Toronto, Canada) to remove all incident

UV-C (\280 nm). The intensity of UV-B radiation at the

surface of leaves was measured with a Power Meter

(Spectra Physics, Model 407, A-2, USA). Seedlings grown

without the treatment of either stress served as a control.

On 15th day, seedlings from each set were harvested and

parameters related with growth, the accumulation of Cr and

salicylic acid (SA), chlorophyll fluorescence, oxidative

stress and antioxidant defense system in maize seedlings

were analyzed.

Experiments with SA-seed priming

To test an involvement of SA in the regulation of Cr(VI)

and UV-B toxicity, experiments were carried out with SA-

pretreated maize seeds. For this, pretreatment of maize

seeds with SA was performed. Uniform sized seeds of

maize were presoaked in 500 lM of SA (as sodium salt)

for 24 h. After this, same protocol was followed for Cr(VI)

and UV-B exposures.

Determination of growth

Growth was measured in terms of dry weight. The seed-

lings from treated and untreated samples were selected

randomly; oven dried for 48 h at 70 �C and then dry mass

was recorded by using single pan electronic balance

(Contech-CA 223, India).

Determination of the accumulation of Cr and SA

For the measurement of the accumulation of Cr, control

and treated seedlings were harvested randomly. Seedlings

were washed thoroughly with double distilled water to

remove adsorbed culture medium. Oven dried sample of

each treatment (50 mg) was digested in a mixed acid

(HNO3:HClO4; 85:15, v/v) at 80 �C until a transparent

solution was obtained. After cooling, the digested samples

were filtered using Whatman No. 42 filter paper and the

filtrate was maintained up to 25 ml with double distilled

water. Concentrations of Cr in filtrate of digested samples

were estimated using an atomic absorption spectrometer

(iCE3000 series).

SA and SA conjugates were extracted and determined as

described by O’Donnell et al. (2001). The 500 mg tissue

was homogenized and extracted with 3 ml 90 % methanol

followed by 2 ml 100 % methanol. The combined extracts

were then divided into two parts 1) dried down and re-

suspended in either 2.5 ml 5 % trichloroacetic acid (TCA)

(for determination of free SA) or phosphate buffer (for

determination of total SA). Conjugated forms of SA were

hydrolyzed by boiling for 30 min in acidified phosphate

buffer. Both fractions were then extracted twice with an

equal volume of ethylacetate:cyclopentane:isopropanol

(100:99:1), dried down, and resuspended in 20 % metha-

nol. SA was identified and quantified by HPLC (Metrohm
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820 IC). Mobile phase used was isocratic with 100 %

methanol at the flow rate of 1 ml min-1 and monitoring

was done at 254 nm. Identification and recovery of SA was

determined by spiking a non-induced sample with a known

amount of an authentic standard of SA. The level of SA

was expressed in lg g-1 dry weight.

Measurement of chlorophyll fluorescence

For the determination of photosynthetic performance of

maize seedlings, chlorophyll fluorescence measurements

were taken in dark adapted leaves of control and treated

seedlings using hand held leaf fluorometer (FluorPen FP

100, Photon System Instruments, Czech Republic). The

following fluorescence parameters: maximum quantum

efficiency of photosystem II (PSII) (Fv/Fm), activity of PS

II (Fv/F0), electron transport rate through PS II (Fm/F0),

photochemical quenching (qP) and non-photochemical

quenching (NPQ) were measured. Measurements were

taken in second leaf of nine different plants of each treat-

ment during each experiment.

Determination of superoxide radical, hydrogen

peroxide and hydroxyl radical

Superoxide radical (O2
�-) was measured according to the

method of Elstner and Heupel (1976) by monitoring the

nitrite formation from hydroxylamine in the presence of

O2
�-. The absorbance of the coloured aqueous phase was

recorded at 530 nm. A standard curve prepared with

NaNO2 was used to calculate the production rate of O2
�-.

For estimation of hydrogen peroxide (H2O2), the method of

Velikova et al. (2000) was adopted. Hydrogen peroxide

concentration was estimated based on the absorbance of

reaction mixture at 390 nm using a standard curve of H2O2.

Hydroxyl radical (�OH) was quantified by using dimethyl

sulfoxide (DMSO) as a molecular probe, which is oxidized

by �OH generated under stress conditions into methane

sulfinic acid (MSA), a stable compound (Babbs et al.

1989). The absorbance of samples was recorded at 425 nm

and an extinction coefficient of 2088 M-1 cm-1 was used

to calculate �OH generation. The results are presented as

nmol MSA g-1 fresh weight.

Determination of oxidative damages and membrane

stability index

Lipid peroxidation was estimated as a malondialdehyde

(MDA) content adopting the method of Hodges et al. (1999).

Malondialdehyde content was calculated using an equation:

MDA (nmol ml-1) = (A - B/157, 000) 9 106 where

A = [(A532 ? TBA) - (A600 ? TBA) - (A532 - TBA - A600

- TBA)] and B = [(A440 ? TBA - A600 ? TBA)

0.0571]. Oxidative damage to proteins was estimated in

terms of carbonyl groups according to the method of Levine

et al. (1994) using dinitrophenylhydrazine. The absorbance

of derivatized carbonyls was measured at 375 nm and con-

tent was calculated using an extinction coefficient of

22,000 M-1 cm-1. Membrane stability index (MSI) of the

leaves of maize seedlings was measured according to the

method of Sairam et al. (2002). The MSI was calculated

using a formula: [1 - (C1/C2)] 9 100.

Assay of antioxidant enzymes activities

Fresh leaves (1 g) were homogenized in 20 ml of 50 mM

potassium phosphate buffer (pH 7.0) containing 1 mM

EDTA and 1 % polyvinylpyrrolidone, with the addition of

1 mM ascorbate in case of ascorbate peroxidase (APX)

assay. The homogenate was centrifuged at 20,000g for

10 min at 4 �C and supernatant was used as an enzyme

extract.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was

assayed by monitoring the inhibition of photochemical

reduction of p-nitroblue tetrazolium chloride (NBT) ac-

cording to the method of Giannopolitis and Reis (1977).

One unit of SOD activity was expressed as the amount of

enzyme required to cause 50 % inhibition of reduction of

NBT as measured at 560 nm. Catalase (CAT, EC 1.11.1.6)

activity was determined by following the method of Aebi

(1984). The decomposition of H2O2 was followed for

3 min by an absorbance decrease at 240 nm (extinction

coefficient 29.4 mM-1 cm-1) and one unit enzyme activity

is represented as 1 lmol H2O2 decomposed min-1. Glu-

tathione reductase (GR, EC 1.6.4.2) activity was estimated

by measuring a decrease in absorbance due to oxidation of

NADPH at 340 nm for 3 min (Schaedle and Bassham

1977). The reaction was initiated by the addition of

NADPH. Corrections were made for the background ab-

sorbance at 340 nm, without NADPH and activity is ex-

pressed in units, representing 1 nmol of NADPH oxidized

min-1. Ascorbate peroxidase (APX, EC 1.11.1.11) activity

was determined by following a decrease in absorbance due

to oxidation of ascorbate at 290 nm for 1 min (Nakano and

Asada 1981). Ascorbate peroxidase activity was calculated

by using an extinction coefficient of 2.8 mM-1 cm-1 and

enzyme activity is expressed in units, representing 1 nmol

of ascorbate oxidized min-1. Protein in each sample was

estimated according to the method of Bradford (1976).

Determination of non-enzymatic antioxidants

Total ascorbate (ASC) content in treated and untreated

seedlings was determined by the method of Gossett et al.

(1994). This assay is based on reduction of ferric ion into

ferrous ion with ascorbic acid in acid solution followed by
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formation of red chelate between ferrous ion and 2,2-

bipyridyl. Standard curve was prepared with L-ascorbic

acid and used for calculation of ASC.

Total glutathione (GSH ? GSSG) content was deter-

mined by following the enzyme recycling method of Brehe

and Burch (1976) with some modifications. This assay is

based on sequential oxidation of GSH by 5,5-dithiobis-2

nitrobenzoic acid (DTNB) and reduction of oxidized glu-

tathione (GSSG) in the presence of NADPH and GR (Type

III from bakers’ yeast; Sigma, Chemical Company). The

amount of GSH was calculated by using a standard curve

prepared with reduced glutathione (GSH).

Statistical analysis

Results were statistically analyzed by analysis of variance

(ANOVA). Duncan’s multiple range test was applied for

mean separation for significant differences (P\ 0.05)

among treatments using SPSS software (Version 10, SPSS

Inc., Chicago). Results presented are mean ± standard er-

ror of three independent experiments with three replicates

in each experiment (n = 9).

Results

Growth and the accumulation of Cr and SA

Growth was measured in terms of dry mass. Treatment of

50 and 250 lM Cr(VI) declined (P\ 0.05) dry mass by 12

and 21 %, respectively compared to the control (Fig. 1).

The UV-B also suppressed (P\ 0.05) dry mass by 13 %.

Combined treatment of Cr(VI) and UV-B further declined

dry mass in maize seedlings as reduction reached up to

31 % under 250 lM Cr(VI) ? UV-B combination. How-

ever, SA-priming of seeds significantly (P\ 0.05) allevi-

ated Cr(VI) and UV-B-induced toxicity in seedlings. For

instance, SA-priming with seeds together with 50 and

250 lM Cr(VI), and UV-B significantly (P\ 0.05) low-

ered reduction in dry mass and it was only 5, 12 and 6 %,

respectively compared to the control (Fig. 1).

Maize seedlings grown under 50 and 250 lM of Cr(VI)

accumulated about 216 ± 9.1 and 1012 ± 26.3 lg Cr g-1

dry weight, respectively (Table 1). Under combined treat-

ments of Cr(VI) and UV-B, the accumulation of Cr further

increased and it was reached up to 1256 ± 52.7 lg Cr g-1

dry weight under 250 Cr(VI) ? UV-B combination.

However, in SA-primed seedlings, the accumulation of Cr

decreased significantly (P\ 0.05) compared to the Cr(VI)

alone and Cr(VI) ? UV-B combinations. As under 50 lM

Cr(VI), 250 lM Cr(VI), 50 lM Cr(VI) ? UV-B and

250 lM Cr(VI) ? UV-B, the accumulation of Cr was only

142 ± 3.7, 643 ± 27.0, 158 ± 4.7 and 741 ± 26.7 lg Cr

g-1 dry weight, respectively (Table 1).

Data related to SA content are presented in Table 1.

Treatment of 50 and 250 lM Cr(VI) caused a decline

(P\ 0.05) in SA level by 16 and 41 %, respectively

compared to the control. The UV-B alone also caused a

reduction (P\ 0.05) in SA level by 10 %. Combined

treatments of Cr(VI) and UV-B caused greater decline in

SA level as it was declined by 33 and 50 % under 50 lM

Cr(VI) ? UV-B and 250 lM Cr(VI) ? UV-B, respec-

tively compared to the control (Table 1).

Chlorophyll fluorescence

Cr(VI) and UV-B alone and in combination significantly

(P\ 0.05) decreased chlorophyll fluorescence character-

istics except NPQ (Table 2). Upon exposure of 50 and

250 lM of Cr(VI), Fv/Fm, Fv/F0, Fm/F0 and qP decreased

by 8 and 19 %, 14 and 24 %, 11 and 21 % and 10 and

20 %, respectively compared to the control. Similarly,

UV-B exposure also declined Fv/Fm, Fv/F0, Fm/F0 and qP

up to 9, 12, 11 and 12 %, respectively compared to the

control. Combined treatments of Cr(VI) and UV-B further

raised a decrease in above parameters (Table 2). In con-

trast to Fv/Fm, Fv/F0, Fm/F0 and qP, NPQ was raised by

Cr(VI) and UV-B treatments. It was increased (P\ 0.05)

by 9, 16 and 7 % following 50 and 250 lM of Cr(VI) and

UV-B treatments, respectively compared to the control

(Table 2). Combined treatments of Cr(VI) and UV-B

further raised values of NPQ. The maximum increase was

reached up to 21 % following 250 lM Cr(VI) ? UV-B

combination (Table 2). Results related to SA-primed

seedlings showed that Cr(VI) and UV-B induced
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Fig. 1 Effect of chromium (VI) and enhanced UV-B radiation alone

and in combination on the accumulation of dry mass (growth) in non-

SA primed and SA-primed maize seedlings. Means are ± standard

error of three independent experiments with three replicates in each

experiment (n = 9). Bars followed by different letters show sig-

nificant (P\ 0.05) difference from each other according to the

Duncan’s multiple range test
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reduction in Fv/Fm, Fv/F0, Fm/F0 and qP and a rise in NPQ

were lower than Cr(VI) and UV-B alone treated seedlings

(Table 2).

Reactive oxygen species

The level of superoxide radical (O2
�-) was enhanced

(P\ 0.05) with the increasing doses of Cr(VI) and a fur-

ther rise in the content of O2
�- was noticed when seedlings

were exposed with combined doses of Cr(VI) and UV-B

(Fig. 2a). Cr(VI) exposure at 50 and 250 lM caused 30 and

89 % rise in the level of O2
�- over the control value, and the

combined doses of Cr(VI) and UV-B (50 lM

Cr(VI) ? UV-B and 250 lM Cr(VI) ? UV-B) further

accelerated content of O2
�-(85 and 149 %, respectively)

compared to the control. The UV-B individually also

caused significant (P\ 0.05) rise (26 %) in the content of

O2
�-. The accumulation of H2O2 showed same pattern of an

increment but concentration of H2O2 was substantially

higher when compared to the O2
�- (Fig. 2b). The UV-B

exposure enhanced content of H2O2 by 34 % compared to

the control. The amount of H2O2 was raised up to 40 and

98 % over the value of the control following treatment of

50 and 250 lM of Cr(VI) while together with UV-B it was

increased by 88 and 122 %, respectively. Results pertain-

ing to �OH are presented in Fig. 2c. The level of �OH was

lower than H2O2, however, it showed similar increasing

pattern as observed in the case of H2O2 and O2
�-. Both the

stresses individually accelerated formation of �OH and their

combined doses further enhanced the rate of �OH gen-

eration (Fig. 2c). However, SA-priming of seeds lowered

Cr(VI) and UV-B induced rise in O2
�-, H2O2 and �OH

(Fig. 2a–c).

Oxidative damage to lipids and proteins,

and membrane injury

Lipid and protein peroxidation rates following Cr(VI) and

UV-B exposure are shown in Fig. 3a, b, respectively. Ex-

posure of Cr(VI) at 50 and 250 lM increased (P\ 0.05)

lipid and protein peroxidations by 14 and 33 % and 15 and

22 %, respectively compared to the control. The UV-B

exposure also enhanced (P\ 0.05) lipid and protein per-

oxidations by 17 and 14 %, respectively. The rate of per-

oxidations got further accelerated when both the stresses

[(50 and 250 lM Cr(VI), and UV-B] were applied simul-

taneously. The maximum increase in lipid and protein

peroxidations was noticed under 250 lM Cr(VI) ? UV-B

combinations as their amounts were increased up to 67 and

41 %, respectively compared to the control (Fig. 3a, b).

The results pertaining to the membrane stability index

(MSI) are depicted in Fig. 3c. The MSI significantly

(P\ 0.05) declined by Cr(VI) and UV-B treatments and

their combined treatments further decreased MSI. Expo-

sure of Cr(VI) at 50 and 250 lM and UV-B alone declined

MSI by 8, 18 and 7 %, respectively (Fig. 3c). Maximum

decline in MSI (by 26 %) was noticed when seedlings were

exposed with combined doses of UV-B and 250 lM

Cr(VI). On the contrary, in SA-primed seedlings a lowering

in Cr(VI) and UV-B induced rise in lipids and protein

oxidations was noticed (Fig. 3a, b).

Enzymatic antioxidants

The results pertaining to the activities of antioxidant en-

zymes in maize seedlings exposed to Cr(VI) and UV-B

stresses are presented in Fig. 4. The activities of SOD and

Table 1 Cr accumulation in

non-SA primed and SA-primed

maize seedlings exposed to

Cr(VI) and UV-B

Treatments Cr accumulation (lg g-1 dry weight) SA accumulation (lg g-1 dry weight)

-SA ?SA

Cr(VI) lM

0 ND ND 156 ± 5.6a

50 216 ± 9.1f 142 ± 3.7h 131 ± 5.5c

250 1012 ± 26.3b 643 ± 27.0d 92 ± 3.2e

Cr(VI) lM ? UV-B

0 ND ND 141 ± 5.6b

50 372 ± 15.6e 158 ± 4.7g 105 ± 4.0d

250 1256 ± 52.7a 741 ± 26.7c 78 ± 3.4f

The accumulation of SA in Cr(VI) and UV-B exposed seedlings. Means are ± standard error of three

independent experiments with three replicates in each experiment (n = 9). Values with different super-

scripts within same column are significantly (P\ 0.05) different from each other according to the Dun-

can’s multiple range test. ND not detected
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APX were increased (P\ 0.05) following the treatments

of Cr(VI) and UV-B, and both the stressors [50 and

250 lM of Cr(VI) and UV-B] simultaneously further

stimulated their activities (Fig. 4a, b). Maximum en-

hancement in the activity was recorded in the case of SOD

(217 %) and APX (72 %) over the values of their respec-

tive control. Conversely, CAT and GR activities were in-

hibited significantly (P\ 0.05) in maize seedlings exposed

to both stressors [50 and 250 lM of Cr(VI) and UV-B]

alone and together (Fig. 4c, d). Exposure of Cr(VI) at 50

and 250 lM and UV-B inhibited CAT and GR activities by

20, 32 and 16 %, and 26, 35 and 7 %, respectively com-

pared to the control (Fig. 4c, d). Moreover, combinedT
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treatments of Cr(VI) and UV-B enhanced inhibitions in

CAT and GR activities. However, in SA-primed seedlings

raised activities of SOD, APX, CAT and GR were noticed

(Fig. 4).

Non-enzymatic antioxidants

Data related to the total ascorbate and glutathione pools are

presented in Fig. 5. Results reveal that 50 and 250 lM of

Cr(VI) and UV-B declined (P\ 0.05) total ascorbate and

glutathione pools by 12, 45 and 13 % and 12, 48 and 15 %,

respectively compared to the control. Combined treatments

of Cr(VI) and UV-B intensified a decline in the ascorbate

and glutathione pools as their amounts were decreased by

54 and 58 %, respectively under 250 lM Cr(VI) ? UV-B

combination. On the other hand, SA-priming of seeds alone

had significantly (P\ 0.05) increased total ascorbate and

glutathione pools as their amounts were increased by 22

and 6 %, respectively (Fig. 5). Besides this, SA-priming of

seeds significantly (P\ 0.05) alleviated Cr(VI) and UV-B

induced decline in ascorbate and glutathione pools (Fig. 5).

As under 50 and 250 lM of Cr(VI), UV-B, 50 lM

Cr(VI) ? UV-B and 250 lM Cr(VI) ? UV-B, a decline in

ascorbate and glutathione pools was only 1, 12, 1, 10 and

18 % and 3, 16, 4, 14 and 22 %, respectively compared to

the control (Fig. 5).

Discussion

The present study investigates an involvement of SA-

priming of seeds in the regulation of Cr(VI) and UV-B

toxicity in maize. This study confirms that SA-priming of

seeds arrests Cr(VI) and UV-B-induced oxidative stress

and toxicity in maize seedlings. The results reveal that

Cr(VI) significantly (P\ 0.05) declined growth of maize

seedlings (Fig. 1). The Cr(VI)-induced a decrease in

growth may be related to the altered biosynthesis of SA (as

indicated by a declined level of SA), and photosynthesis

(chlorophyll fluorescence) due to an increased generation

of ROS which subsequently cause damage to lipids and

proteins, and down-regulation of antioxidants-CAT, GR,

ascorbate and glutathione (Figs. 1, 2, 3, 4, 5; Tables 1, 2).

The Cr(VI) being a non-essential element has multifaceted

negative effects on physiology and biochemistry of plants.

Dotaniya et al. (2014) and Hou et al. (2014) have reported

that Cr(VI) causes a decrease in seed germination, root

elongation and mitosis and thus, reduces the accumulation

of biomass in wheat, cabbage, lettuce, cucumber and

maize. Furthermore, studies have revealed that Cr(VI) de-

creased photosynthetic pigments, rate of photosynthesis

(Duman et al. 2014) and nitrogen and sulfur metabolism

(Schiavon et al. 2008; Gangwar and Singh 2011). The

Cr(VI) also increased the generation/accumulation of ROS

(O2
�-, H2O2 and �OH) which subsequently cause peroxida-

tions of phospholipids and proteins (Gangwar and Singh

2011; Chen et al. 2014; Duman et al. 2014) and modulation

in the activities of antioxidant enzymes, and also in the

status of non-enzymatic antioxidants (Gangwar et al. 2011;

Duman et al. 2014). Rodriguez et al. (2012) have also re-

ported that Cr(VI) induces toxicity at different photosyn-

thetic levels in pea. However, SA-priming of seeds protects

maize seedlings against Cr(VI) toxicity by reducing the

accumulation of Cr and ROS, and triggering up-regulation

of antioxidants. In SA-primed seedlings, a lowering in the

accumulation of Cr may be assigned to the more than one

mechanisms (1) Cr(VI) exclusion that lowers uptake, or

active efflux from the roots, i.e. by the mechanisms leading
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to a lower cytoplasmic Cr content (Metwally et al. 2003),

(2) protective role of SA on plasma membrane integrity

(Singh et al. 2013), (3) haem oxygenase-1 mediated sig-

naling cascade that results into a lowering of metal uptake

(Cui et al. 2012) and (4) an increased cell wall thickness in

root epidermis, thereby declining an absorption of Cr and

accumulation (Singh et al. 2013). Similarly, El-Tayeb et al.

(2006) have noticed that SA protects photosynthetic pig-

ments and membrane damage in sunflower under copper

stress. Bai et al. (2014) have found that SA alleviates Cd

toxicity in perennial ryegrass by regulating oxidative stress

and damage. Moreover, Liu et al. (2014) have observed

that foliar application of SA alleviates salt stress in cotton

seedlings.

The role of SA in the regulation of biotic stress is ex-

tensively studied (Catinot et al. 2008; Nakai et al. 2013;

Alazem and Lin 2014). Besides this, studies have also

demonstrated that SA plays an important role in the

regulation of various abiotic stresses (Metwally et al. 2003;

El-Tayeb et al. 2006; Cui et al. 2012; Liu et al. 2014).

Based on the results of previous studies, a great agro-

nomical potential of SA has been proposed in improving

stress tolerance of agricultural crops. However, application

of SA depends on the concentration of SA, the state of the

plants and the mode of application (Miura and Tada 2014).

In general, low concentration of SA alleviates abiotic stress

toxicity, while higher concentrations cause oxidative stress,

and thus reduce abiotic stress tolerance (Yang et al. 2004;

Hayat et al. 2014).

Similarly, UV-B-induced adverse effects on physiology

and biochemistry of plants have also been reported (Singh

et al. 2012; Bandurska and Ciéslak 2013; Choudhary and

Agrawal 2014). Recently, Choudhary and Agrawal (2014)

have found that enhanced UV-B radiation declined growth

and proposed that higher accumulation of SA was associ-

ated with higher UV-B sensitivity of pea. However, Ban-

durska and Ciéslak (2013) have observed that the

accumulation of SA in barley seedlings renders UV-B

protection. Our results are in accordance with Bandurska

and Ciéslak (2013) and reveal that SA-priming of seeds

protects maize seedlings against UV-B toxicity by in-

creasing the level of antioxidants (ascorbate and glu-

tathione) which successfully counteract ROS-mediated

oxidative stress (Figs. 2, 3, 4, 5).

Photosynthetic efficiency of maize seedlings as deter-

mined by the chlorophyll fluorescence was severely af-

fected by Cr(VI) and UV-B stresses (Table 2). The results

reveal that Cr(VI) and UV-B stresses decreased Fv/Fm, Fv/

F0 and Fm/F0 ratios and qP (Table 2). The Fv/Fm and qP are

frequently used fluorescence parameters to assess the

maximum photochemical efficiency of PS II and photo-

chemical quenching, respectively in plants. Besides Fv/Fm,
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replicates in each experiment (n = 9). Bars followed by different

letters show significant (P\ 0.05) difference from each other
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Fv/F0 and Fm/F0 are also being used to investigate photo-

synthetic efficiency of plants in the changing environ-

mental conditions. The Fv/F0 indicates the activity of PS II

while Fm/F0 indicates electron transport rate through PS II

(Xing et al. 2010). Studies have shown that stress factors

generally affect functional activity of PS II and thus de-

crease these ratios (Xing et al. 2010; Singh et al. 2013).

Under Cr(VI) and UV-B stresses, a decline in Fv/Fm, Fv/F0

and Fm/F0 ratios and qP suggests about structural and

functional alterations in photosynthetic process as indicat-

ed by decreased accumulation of biomass in maize seed-

lings. Cambrollé et al. (2011) have also reported that metal

stress declined fluorescence characteristics such as Fv/Fm

and APSII directly involving interference of metal with Ca

ions of PS II. An increase in NPQ under Cr(VI) and UV-B

treatments suggests about mechanisms that are involved in

dissipating an excess excitation energy in order to protect

maize seedlings from photodynamic damage under Cr(VI)

and UV-B stresses (Table 2). Furthermore, an increase in

NPQ may be explained on the basis of down-regulation of

PS II function to avoid over-reduction of QA in order to

match a decreased demand for electrons through NADPH

consumption (Genty et al. 1990), hence it is involved in the

photoprotection under stresses.

Cr(VI) alone and together with UV-B enhanced the

generation/accumulation of ROS in a dose dependent

manner (Fig. 2). ROS are unavoidable consequences of an

oxygen metabolism and their generation/accumulation

inevitably takes place where generation/consumption ratio

of electron is imbalanced or high. In the present study, the

generation/accumulation of ROS might have occurred due

to an interaction of metal with carriers in the electron

transport systems as reported in the earlier studies (Ali

et al. 2006; Xing et al. 2010; Singh et al. 2013). It is also

evident from data of chlorophyll fluorescence. An increase

in ROS was coincided with an increase in lipids and pro-

teins oxidations and thus a decrease in MSI was noticed

(Figs. 2, 3). ROS can readily interact with the cellular

biomolecules such as lipids and proteins and various key

metabolic enzymes and produce damaging effects and thus

result into a declined growth and altered photosynthetic

performance in maize seedlings. However, in SA-primed

seedlings a lowering in Cr(VI) and UV-B-mediated en-

hancement in ROS and oxidative damages was observed

(Figs. 1, 2, 3).

The capacity of an organism to tolerate stress factor can be

determined through its expressed antioxidant system which

comprises of enzymatic and non-enzymatic antioxidants.

The Cr(VI) alone and together with UV-B increased the

activities of SOD and APX compared to the control (Fig. 4a,

b). The results suggested that an increase in the activities of

these enzymes might not be sufficient to protect maize

seedlings from oxidative stress as indicated by decreased

accumulation of biomass (Fig. 1). In contrast to the activities

of SOD and APX, the activities of CAT and GR were in-

hibited by Cr(VI) and UV-B alone as well as in combination

(Fig. 4c, d). These results imply that inhibitions in the ac-

tivities of these enzymes might be related with the Cr(VI) and

UV-B sensitivity of maize seedlings due to greater accu-

mulation of ROS. Sharma et al. (2003) have concluded that

CAT is an iron-porphyrin biomolecule and its decreased

activity indicates that Cr(VI) is either interacting with iron in

metabolic pool or affecting the availability of active form of

iron. Furthermore, a decreased CAT activity might have

resulted into a greater accumulation of H2O2 (Fig. 2b) which

in turn causes severe damage to the cellular system directly

or by generating highly reactive �OH (Fig. 2c). A decrease in

GR activity by heavy metal ions could result from the attack

caused by a metal ion-induced ROS, which may be possible

in case of non-redox metals (Buettner and Jurkiewiez 1996).

Inhibition in GR activity as observed in the present study

resulted into decreased pool of GSH that leads to severe

oxidative damage to the cellular system because it failed to

provide sufficient amount of GSH to eliminate ROS. How-

ever, significant improvement in the activities of enzymatic
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antioxidants in SA-primed seedlings suggested their role in

mitigating ROS mediated damages to lipids and proteins as

evidenced from better accumulation of dry mass (Figs. 1, 2,

3, 4).

In addition to the enzymatic antioxidants, plants also

possess an array of efficient non-enzymatic antioxidants

that include ascorbate, glutathione etc., which efficiently

scavenge singlet oxygen (1O2) and �OH for which no en-

zymatic antioxidants are known to be evolved. Ascorbate is

known as a major primary antioxidant, reacts directly with
1O2, O2

�-and �OH (Buettner and Jurkiewiez 1996). Further,

Gao and Zhang (2008) have shown an importance of

ascorbate against oxidative stress in Arabidopsis ascorbate-

deficient (vtc1) mutant under UV-B stress. Another im-

portant low molecular weight antioxidant- GSH, not only

plays a role in the synthesis of phytochelatins and in re-

moval of ROS but also acts as a substrate in the detoxifi-

cation of lipid peroxidation and protein oxidation sub-

products through the activity of glutathione-S-transferase

(Kalinowska and Pawlik-Skowronska 2010). Further, Chen

et al. (2010) have observed that exogenous addition of

GSH alleviates Cd-induced reduction in growth of barley

seedlings by depressing the accumulation of O2
�-, H2O2 and

MDA. In the present study, a decline in total ascorbate and

glutathione under Cr(VI) and UV-B radiation could not

support the cell to control lipid peroxidation and protein

oxidation as indicated by the increased contents of MDA

and RCG (Figs. 2, 3, 5). The significant improvement in

total ascorbate and glutathione in SA-primed seedlings

suggested that these non-enzymatic antioxidants up-

regulated by SA and supported maize seedlings to regulate

the oxidative stress under Cr(VI) and UV-B toxicity as

indicated by better growth in SA-primed seedlings than

non-SA primed ones (Figs. 1, 5).

Conclusion

The present study demonstrated that Cr(VI) and UV-B

alone and together produced damaging effects in maize

seedlings by altering photosynthesis and enhancing ox-

idative stress and damages to lipids and proteins. This

Cr(VI) and UV-B toxicity coincides with a declined level

of SA and thus, suggesting that SA is involved in the

regulation of Cr(VI) and UV-B toxicity responses as

indicated by inhibited CAT and GR activities and enhanced

level of oxidative stress. However, SA-priming of seeds

protects maize seedlings against Cr(VI) and UV-B toxicity

by reducing the accumulation of Cr and ROS and trigger-

ing up-regulation of antioxidants and thus imparts Cr(VI)

and UV-B tolerance to maize seedlings. The results of this

study also point out that elevation of free SA levels in

plants, either by exogenous feeding or genetically may

enhance their tolerance against multiple abiotic stresses.

Furthermore, the findings are also significant as it has been

demonstrated that multiple stresses occur in natural fields

where one stressor may modify the effects of other and SA

may play a positive role in the regulating their toxicity in

plants. The probable model for action of SA under Cr(VI)

and UV-B stress in maize seedlings is given in Fig. 6.
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