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ABSTRACT 

 

This study evaluates seed germination and growth of sweet 

corn under NaCl stress (0, 50, and 100 mM), after exposing 

the seeds to weak (15 mT) or strong (150 mT) magnetic fields 

(MF) for different durations (0, 6, 12, and 24 hours). Salinity 

reduced seed germination and plant growth. MF treatments 

enhanced rate and percentage of germination and improved 

plant growth, regardless of salinity. Higher germination rate 

was obtained by the stronger MF, however, the seedling were 

more vigorous after priming with 15 mT MF. Proline 

accumulation was observed in parallel with the loss of plant 

water content under 100 mM NaCl stress. MF prevented 

proline accumulation by improving water absorption. Positive 

correlation between H2O2 accumulation and membrane 

thermostability (MTI) was found after MF treatments, which 

revealed that MF primed the plant for salinity by H2O2 

signaling. However, over-accumulation of H2O2 after 

prolonged MF exposure adversely affected MTI under severe 

salt stress. In conclusion, magnetic priming for 6 hours was 

suggested for enhancing germination and growth of sweet 

corn under salt stress.  
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Abbreviations: DM: dry mass, FM: fresh mass, MDA: 

malondialdehyde, MF: magnetic field, MGT: mean 

germination time, MTI: membrane thermostability 

index, PWC: plant water content, ROS: reactive 

oxygen species. 

 

 

 

 

 

 

IZVLEČEK 

   
INDUKCIJA TOLERANCE NA SOL SLADKE KORUZE 

S PREDHODNIM OBRAVNAVANJEM SEMEN Z 

MAGNETNIM POLJEM  

V raziskavi sta bili ovrednoteni kalitev in rast sladke koruze v 

razmerah solnega stresa (NaCl; 0, 50, in 100 mM), po 

izpostavitvi semen šibkemu (15 mT) in močnemu (150 mT) 

magnetnemu polju (MF) v trajanju 0, 6, 12, in 24 ur. Slanost je 

zmanjšala kalitev semen in rast rastlin. Obravnavanje z 

magnetnim poljem je povečalo hitrost in odstotek kalitve ter 

izboljšalo rast rastlin, ne glede na slanost. Kalitev je bila 

značilno večja pri obravnavanju z močnejšim magnetnim 

poljem, kalice so bile bolj vitalne pri obravnavanju z 15 mT 

MF. Akumulacija prolina je bila opažena sočasno z izgubo 

vsebnosti vode v razmerah močnega NaCl stresa. 

Obravnavanje z magnetnim poljem je izboljšalo absorbcijo 

vode in preprečilo akumulacijo prolina. Pozitivna korelacija 

med akumulacijo H2O2 in termostabilnostjo membran (MTI), 

ki je bila opažena po obravnavanju z MF je pokazala, da so 

bile tako obravnavane rastline odpornejše na slanost preko 

H2O2 signalizacije. Kljub temu je prekomerna akumulacija 

H2O2, kot posledica podaljšane izpostavitve MF, negativno 

vplivala na MTI v razmerah solnega stresa. Zaključimo lahko, 

da predobravnavanje semen z magnetnim poljem za 6 ur 

pospeši nihovo kalitev in rast rastlin v razmerah solnega 

stresa.  

 

Ključne besede: vodikov peroksid; koruza; malondialdehid; 

vsebnost vode; prolin; kalitev; rast kalic 

 

Abbreviations: DM: dry mass, FM: fresh mass, MDA: 

malondialdehyde, MF: magnetic field, MGT: mean 

germination time, MTI: membrane thermostability 

index, PWC: plant water content, ROS: reactive 

oxygen species. 
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1 INTRODUCTION 
 

Salinity was always known to be a constraint to 

agricultural production. In the 21
st
 century, 

however, it is predicted that enhanced soil 

salinization due to climate change and warming of 

the planet will be the major challenge in 

agriculture. The deleterious effects of salt stress on 

plant are associated with low osmotic potential of 

soil solution (osmotic stress), nutritional 

imbalance, specific ion effect (salt stress), and 

interactions among these factors (Ashraf, 2004). 

Most of the plant species exhibit over-sensitive 

responses to salt stress at seed germination and 

early growth stages of seedling (Cuartero et al., 

2006). Seed germination may be delayed or 

prevented by salt stress (Lin et al., 2011). Several 

strategies can be employed to overcome the 

adverse effects of salinity. In addition to the use of 

the classic breeding and plant genetic 

transformation of crops, employing seed pre-

sowing treatments as a valuable strategy may 

facilitate seed germination and seedling growth 

under abiotic stress such as salinity (Iqbal and 

Ashraf, 2010). 
 
Magnetic field (MF) treatments have shown to 

enhance seed germination, plant vigor and 

productivity (Vashisth and Nagarajan, 2010; 

Radhakrishnan and Kumari, 2012), and delay the 

senescence process in plant organs (Piacentini et 

al., 2001). Such effects may be due to promotion of 

gene expression, protein biosynthesis, enzymes 

activity, cell reproduction and overall metabolism 

of plant (Stange et al., 2002; Atak et al., 2007; 

Vashisth and Nagarajan, 2010). Rapid germination 

and vigor of seedlings is linked with enhancement 

of activities of α-amylase, dehydrogenase and 

protease in seeds following MF exposure (Vashisth 

and Nagarajan, 2010; Radhakrishnan and Kumari, 

2012). Seeds that have been treated by MF for a 

short time generate more extensive root system as 

well as more vigorous shoot compared to untreated 

seeds (Florez et al., 2007; Vashisth and Nagarajan, 

2010). Therefore, MF may improve germination 

parameters and initial growth of non-standard 

seeds (Aladjadjiyan, 2002). 

 

In spite of the positive effects of MF on plant, 

there are limited numbers of studies that examine 

the effects of MF treatments on plant responses to 

environmental stresses. It has shown that magnetic 

and electromagnetic treatments enhance the saline-

alkali tolerance (Xi et al., 1994), enhance seed 

germination and seedling growth under heat stress 

(Ružič and Jerman, 2002; Cakmak et al., 2010), 

and improve plant osmotic tolerance (Karimi et al., 

2012). In contrast, Yao et al. (2005) showed that 

MF treatments enhanced sensitivity of cucumber 

seedlings to UV irradiation. Therefore, the current 

study was conducted to investigate whether the 

benefits of pre-sawing MF exposure would 

improve sweet corn seed germination and vigor 

under salt stress, and to determine the effects of 

MF intensity and exposure duration on plant 

responses to abiotic stress.  

 

 

2 MATERIAL AND METHODS 

 

Uniform seeds of sweet corn (Zea mays var. 

saccharata ‘SC 404’) were selected and 

disinfected with 0.3 % fungicide Benomyl (GYAH 

Corp., Iran) for 15 min and thoroughly washed 

with sterilized distilled water. The seeds were 

soaked for 3 hours (h) in distilled water and then 

air dried prior to starting the experiment. Twenty-

five seeds were placed between two Whatman No. 

1 filter papers laid in the Petri dishes and incubated 

at 30/25 °C day/night temperature, 12 h 

photoperiod with light intensity of 30 W m
-2

. Salt 

treatments were applied by adding NaCl solutions 

to the Petri dishes (0 - control, 50 and 100 mM). 

The Petri dishes were irrigated with 5 ml salt 

solution of the respective treatment every 24 hours. 

The filter beds were changed every 48 hours to 

avoid salt accumulation. 

 

The MF treatments were induced using two cubic 

magnets for each Petri dish. The geometric 

characteristics of the magnets were 100 mm length, 

30 mm width and 20 mm thickness (Figure 1). 

They were arranged at 0, and 5.5 cm apart from 

bottom and top of the Petri dishes to generate 150 

and 15 mT magnetic fields, respectively. The 

intensity of magnetic fields was provided by the 
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Department of Materials Science and Engineering, 

Engineering School of Shiraz University. The 

seeds were exposed to the strong and weak 

magnetic fields for different durations (0, 6, 12, 

and 24 h). The Petri dishes were kept at least 

100 cm apart, to avoid the influence of the magnets 

on each other. 

 

 

Figure 1: The geometric characteristics of the magnets used in the experiments (100×30×20 mm). 

 

Seed germination was evaluated according to the 

guidelines issued by the International Seed Testing 

Association (ISTA, 2004). The number of 

germinated seeds was recorded every 6 hours for a 

period of 5 days. A seed was considered 

germinated when its seminal root had emerged ≥ 

2.0 mm. Total germination was recorded as overall 

percentage of germinated seeds. The germination 

rate was determined by measuring the length of 

time required for maximum germination 

percentage, and by calculating mean germination 

time (MGT) using the following formula (Eq. 1): 

MGT  = 

1 1

/
n n

i i

i i

N Ti N
 

     (1) 

 

In this formula: Ti is the initial time and Ni is the 

number of germinated seeds between Ti-1 and Ti.  

 

To evaluate the early growth of the plant in 

response to the MF and the NaCl stress, another 

experiment was conducted under the same 

conditions as described above. Ten uniform and 

sterilized seeds were subjected to 0, 50 and 

100 mM NaCl, after exposing to the magnetic 

treatments as describe in the first experiment. After 

7 days, the seedlings were harvested and length, 

fresh and dry mass of root and shoot were 

measured. Dry mass was measured after drying at 

70 
o
C for 72 hours. Plant water content was 

calculated according to fresh and dry mass of the 

seedlings. 

 

Proline was measured in 200 mg of dried shoot 

tissue using the method described by Bates et al. 

(1973). The plant material was homogenized in 

3 % sulfosalicylic acid and the extract was reacted 

with glacial acetic acid and ninhydrin in boiling 

water. The reaction mixture was extracted with 

toluene. The absorbance was measured at 520 nm 

by spectrophotometry (Shimadzu model 160 A). L-

proline was used as standard. 

 

The membrane thermostability index (MTI) was 

assessed by measuring electrolyte leakage derived 

from the shoot tissue by adopting an electrical 

conductivity meter (Ohm 419). MTI was applied to 

find out changes in cell membrane permeability 

according to the technique of Arora et al (1998) 

with slight modifications. Concentration of 

hydrogen peroxide (H2O2) was determined in plant 

tissues according to the method described by 

Velikova et al. (2000). Shoot and root tissue was 

homogenized in trichloroacetic acid (TCA) and 

centrifuging, the supernatant was added to 

potassium phosphate buffer and KI. The 

absorbance was measured spectrophotometrically 

at 390 nm (Shimadzu model 160 A). Lipid 

peroxidation was determined by calculating the 

quantity of malondialdehyde (MDA) using the 

thiobarbituric acid reactive substances method 

explained by Heath and Parker (1968). Shoots and 

roots of the plants were homogenized in TCA and 

after centrifuging, the supernatant was mixed with 

thiobarbituric acid (TBA) in 20 % TCA. The 

mixture was then heated up at 95 °C for 30 

minutes. After cooling and centrifugation at 10,000 

× g for 10 minutes, the supernatant absorbance was 

verified at 532 and 600 nm. MDA content (nmol g
-

1
 FM) was calculated according to extinction 

coefficient of 155 mM cm
-1

, after withdrawing the 

non-specific absorbance at 600 nm. 
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The treatments were arranged as a factorial 

experiment based on a completely randomized 

design comprising 3 factors (NaCl levels, MF 

intensities and MF exposure durations) with 4 

replications. The data were subjected to an analysis 

of variance (ANOVA) and Duncan’s multiple 

range test (DMRT) at P ≤ 0.05 was used for 

comparing the means. Spearman bivariate 

correlation test was used to investigate the 

correlation between the measured parameters. The 

statistical analyses were performed by SPSS (v 

21.0). 

 

 

3 RESULTS  

 

Salinity treatments did not affect germination 

percentage during the first 24-h after incubation 

(Table 1). At this stage, the highest germination 

percentage was observed in 150 mT (28.6 %), and 

the control treatment had the lowest value (4.7 %). 

The highest germination percentage was found in 

the 6-h MF exposure treatment (25.3 %). Salt 

stress induced by 100 mM NaCl significantly 

reduced germination percentage at 48-h stage. 

Magnetic exposure enhanced seed germination, 

however, no significant difference was observed 

between 15 and 150 mT intensities and the highest 

seed germination was observed in the 6-h and 12-h 

MF exposure durations. After 72-h hours, the 

adverse effects of 50 mM NaCl stress became 

evident on seed germination. Effects of magnetic 

exposure on enhancing seed germination was 

significant at this stage, however, no significant 

difference was observed between 15 and 150 mT 

intensities (79.0 and 82.5 %, respectively). Seeds 

exposed to MF for either 6 or 12 hours showed the 

highest germination at this stage (86.0 and 81.5 %, 

respectively). Final germination percentage was 

significantly reduced under salt stress and no 

significant difference was found between 50 and 

100 mM NaCl treatments. The highest percentage 

of germinated seeds was obtained in the 6-h 

magnetic treatment (89.5 %). 

 

The time required for maximum germination 

percentage was significantly increased by 50 and 

100 mM NaCl treatments (78.6 and 77.2 h, 

respectively) when compared to the control (68.6 

h). MF exposure significantly reduced the time for 

max germination. A significant interaction effect 

of NaCl stress and MF exposure duration on the 

time required for max germination was detected 

(Figure 2). The interaction effect showed that by 

increasing NaCl concentration in medium, time for 

maximum germination of non-magnetic treated 

seeds significantly increased, however, the time 

was reduced to the control level in the 6-h and 12-h 

magnetic treated seeds. MGT, indicating overall 

seed germination rate, was significantly reduced by 

application of 100 mM NaCl (72.7 h). MGT of the 

non-MF treated seeds was 75 h. The time was 

significantly reduced to 72.6 and 69.1 h by 15 and 

150 mT MF intensities, respectively. The lowest 

MGT was found in 6-h and 12-h MF exposure 

durations (69.7 and 70.9 h, respectively). 
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Table 1: Effects of salinity stress and magnetic treatments on seed germination of Zea mays var. saccharata 

 

Germination 

[%] – 24h 

Germination 

[%] – 48h 

Germination 

[%] – 72h 

Max 

germination [%]  

Time to max 

germination [h] 

MGT 

[h] 

NaCl [mM]    

  0 18.0 65.8
a†

 86.5
a
 89.7

a
 68.6

b
 70.9

b
 

50 18.7 62.6
a
 78.9

b
 84.2

b
 78.6

a
 71.0

b
 

100 14.3 50.3
b
 73.4

b
 80.7

b
 77.2

a
 72.7

a
 

MF Intensity [mT]    

 

 

0 4.7
c
 49.3

b
 72.0

b
 82.7 84.5

a
 75.0

a
 

15 10.7
b
 60.6

a
 79.0

a
 83.8 73.8

b
 72.6

b
 

150 28.6
a
 63.7

a
 82.5

a
 87.4 70.3

b
 69.1

c
 

MF Exposure Duration [h]   

 

 

0 4.7
d
 49.3

b
 72.0

b
 82.7

b
 84.5

a
 75.0

a
 

6 25.3
a
 67.0

a
 86.0

a
 89.5

a
 71.7

b
 69.7

c
 

12 19.0
b
 64.5

a
 81.5

a
 86.5

ab
 70.8

b
 70.9

c
 

24 11.8
c
 53.2

b
 72.8

b
 80.8

b
 73.8

b
 72.4

b
 

ANOVA       

NaCl ns ** ** ** ** ** 

Intensity ** * * ns ** ** 

Duration ** ** ** ** * ** 

NaCl×Int. ns ns ns ns ns ns 

NaCl×Dur. ns ns ns ns * ns 

Int.× Dur. ns ns ns ns ns ns 

NaCl×Int.×Dur. ns ns ns ns ns ns 

** and *: Significant at 0.01 and 0.05 levels, respectively; ns: Non-significant. 
†
. Means separation by DMRT (P0.05). 

 

 

 
 

Figure 2: The interaction effect of magnetic field exposure duration and NaCl concentration in medium on time 

required for maximum seed germination percentage of Zea mays var. saccharata (Data are means ± SEM of four 

independent samples). 

 

Table 2 represents the effects of MF treatments and 

NaCl stress on growth parameters of sweet corn 

seedlings. Salt stress significantly reduced the 

fresh mass (FM) of sweet corn shoot. The highest 

shoot FM was obtained in the control treatment 

(248.8 mg) and the lowest FM was observed in 

100 mM NaCl treatment (216.9 mg). Magnetic 

exposure significantly increased the shoot FM; 

however, no significant differences were found 

between the weak and the strong MF or between 

the different magnetic exposure durations. Shoot 

dry mass (DM) was significantly affected by MF 

intensity and was significantly higher in 15 mT 

MF. 

 

A significant reduction in root FM was observed 

under 100 mM NaCl stress. Exposing to 15 mT 

MF significantly increased root FM (160.1 mg) 
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and the highest root FM was found in the 12-h and 

24-h MF treatments (143.5 and 144.7 mg, 

respectively). Root DM was significantly reduced 

under 50 mM (9.3 mg) and 100 mM NaCl stress 

(6.6 mg) when compared to control treatment 

(11.9 mg). MF treatments significantly increased 

root DM, however, no significant differences were 

found between 15 and 150 mT intensities or 

between the different MF exposure durations. 

 
Table 2: Effects of salinity stress and magnetic treatments on fresh mass (FM) and dry mass (DM) of Zea mays var. 

saccharata seedling 

 

Shoot FM 

[mg] 

Shoot DM 

[mg] 

Root FM 

[mg] 

Root DM 

[mg] 

NaCl [mM] 
 

 

 0 248.8
a†

 21.2 143.6
a
 11.9

a
 

50 227.1
ab

 19.1 125.4
a
 9.3

b
 

100 216.9
b
 18.0 100.2

b
 6.6

c
 

MF Intensity [mT] 

 

 

 0 198.9
b
 16.9

b
 94.7

b
 6.6

b
 

15 242.9
a
 23.4

a
 160.1

a
 11.1

a
 

150 245.9
a
 17.3

b
 117.3

b
 9.2

a
 

MF Exposure [h]   

 0 198.9
b
 16.9

b
 94.7

b
 6.6

b
 

6 243.3
a
 21.7

a
 119.6

ab
 10.7

a
 

12 247.7
a
 19.4

ab
 143.5

a
 9.3

a
 

24 242.6
a
 19.5

ab
 144.7

a
 10.4

a
 

ANOVA     

NaCl ** ns ** ** 

Intensity * ** ** * 

Duration * * * * 

NaCl×Int. ns ns ns ns 

NaCl×Dur. ns ns ns ns 

Int.× Dur. ns ns ns ns 

NaCl×Int.×Dur. ns ns ns ns 

** and *: Significant at 0.01 and 0.05 levels, respectively; ns: Non-significant. 
†
. Means separation by DMRT (P0.05). 

 

 

Plant biomass was significantly reduced under both 

50 mM (28.4 mg) and 100 mM NaCl stress 

(24.6 mg) when compared to control treatment 

(33.1 mg). The highest plant biomass was found in 

15 mT MF treatments. However, no significant 

differences were observed between 6-h, 12-h and 

24-h MF exposure durations (Table 3). Shoot:root 

DM was significantly increased by both 50 mM 

and 100 mM NaCl stress, respectively. MF 

treatments significantly reduced shoot to root ratio, 

however, no significant differences were found 

between 15 and 150 mT MF intensities. Shoot to 

root ratio of the 12-h and 24-h MF treatments was 

significantly lower when compared to the other 

treatments. 

 

Salinity significantly reduced shoot length and the 

lowest plant height (38.4 mm) was found under 

100 mM NaCl stress (Table 3). Shoot length of 

sweet corn seedlings significantly increased by MF 

treatments; however, no significant differences 

were observed between 15 and 150 mT intensities 

and between the different MF exposure durations. 

Root length was significantly reduced under salt 

stress treatments. The highest root length 

(84.8 mm) was observed in 15 mT MF treatments 

and the lowest value was found in non-magnetic 

treated plants (50.1 mm). Although MF exposure 

significantly increased root length of sweet corn, 

no significant differences were found between 6-h, 

12-h and 24-h MF exposure durations. 
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Table 3: Effects of salinity stress and magnetic treatments on fresh mass (FM) and dry mass (DM) of Zea mays var. 

saccharata seedling 

 

Biomass 

[mg] 

Shoot:Root 

[Dry mass] 

Shoot Length 

[mm] 

Root Length 

[mm] 

NaCl [mM]   
 

0 33.1
a†

 2.0
b
 44.5

a
 90.2

a
 

50 28.4
b
 2.2

b
 41.2

ab
 54.6

b
 

100 24.6
c
 4.3

a
 38.4

b
 55.7

b
 

MF Intensity [mT]   

 0 23.5
c
 4.0

a
 35.9

b
 50.1

c
 

15 34.5
a
 2.3

b
 43.1

a
 84.8

a
 

150 26.5
b
 2.3

b
 44.4

a
 69.9

b
 

MF Exposure [h]  

 0 23.5
b
 4.0

a
 35.9

b
 50.1

b
 

6 32.4
a
 2.8

ab
 43.4

a
 75.4

a
 

12 28.7
a
 2.4

b
 45.1

a
 77.7

a
 

24 29.9
a
 2.0

b
 42.6

a
 75.5

a
 

ANOVA     

NaCl ** ** ** ** 

Intensity ** * * * 

Duration * * * * 

NaCl×Int. ns ns ns ns 

NaCl×Dur. ns ns ns ns 

Int.× Dur. ns ns ns ns 

NaCl×Int.×Dur. ns ns ns ns 

** and *: Significant at 0.01 and 0.05 levels, respectively; ns: Non-significant. 
†
. Means separation by DMRT (P0.05). 

 

Plant water content (PWC) was significantly 

reduced by 100 mM NaCl stress. MF exposure 

significantly increased PWC, however, no 

significant differences were observed between the 

MF intensities or between the different MF 

exposure durations (Table 4). Significant proline 

accumulation was observed in shoot under 

100 mM NaCl. MF exposure significantly 

prevented proline accumulation and the lowest 

proline concentration was found in 6-h magnetic 

exposure (Table 4). 

 
Table 4: Effects of salinity stress and magnetic treatments on plant water content (PWC), membrane stability index 

(MSI) and concentration of proline, malondialdehyde (MDA) and H2O2 in shoot of Zea mays L. var. saccharata 

 

PWC 

[mg plant
-1

] 

Proline 

[µmol g
-1

 DM] 

MTI 

[%] 

H2O2 MDA 

[µmol g FM
-1

] 

NaCl (mM)     

0 359.3
a†

 186.3
b
 81.7

a
 2.99

b
 0.100

b
 

50 324.1
ab

 186.6
b
 77.2

a
 3.11

b
 0.118

b
 

100 292.5
b
 239.8

a
 65.9

b
 3.48

a
 0.173

a
 

MF Intensity (mT)     

0 270.1
b
 282.2

a
 72.1

b
 3.23 0.151 

15 368.5
a
 177.8

b
 78.7

a
 3.21 0.120 

150 336.7
a
 184.0

b
 80.5

a
 3.44 0.123 

MF Exposure (h)     

0 270.1
b
 282.2

a
 71.9

c
 3.23 0.141

a
 

6 330.5
a
 157.3

c
 78.1

b
 3.12 0.102

b
 

12 362.5
a
 203.4

b
 80.1

a
 3.13 0.118

b
 

24 327.4
a
 182.1

bc
 70.9

c
 3.30 0.158

a
 

Continued overleaf / nadaljevanje na naslednji stran 
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ANOVA      

NaCl ** ** ** ** ** 

Intensity * * * ns ns 

Duration * * * ns * 

NaCl×Int. ns ns ns ns ns 

NaCl×Dur. ns ** * * ns 

Int.× Dur. ns ns ns ns ns 

NaCl×Int.×Dur. ns ns ns ns ns 

** and *: Significant at 0.01 and 0.05 levels, respectively; ns: Non-significant. 
†
. Means separation by DMRT (P0.05). 

 

The interaction of MF exposure duration and NaCl 

concentration significantly affected proline 

concentration in shoot (Figure 3). The interaction 

effect indicated that magnetic exposure for 6 or 12 

hours reduced proline concentration in the plant 

shoot to the control level, however, a significant 

increase in proline concentration was observed in 

the seedling exposed to 24-h MF treatment in 

combination with salt stress treatments. A 

significant positive correlation was observed 

between PWC and proline concentration in the 

leaves (Figure 4). 

 

 
 

Figure 3: The interaction effect of magnetic field exposure duration and NaCl concentration in medium on 

concentration of proline in shoot of Zea mays var. saccharata (Data are means ± SEM of four independent 

samples) 

 

 
 

Figure 4: Correlation between plant water content (PWC) and proline concentration in the shoot of Zea mays var. 

saccharata 
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Application of 100 mM NaCl significantly reduced 

MTI in shoot by 15.8 % (Table 4). MF 

pretreatments significantly improved MTI as the 

highest MTI was obtained in 12-h MF exposure 

(80 %). MTI was significantly affected by the 

interaction effect of salt stress and magnetic 

exposure duration (Figure 5). The interaction effect 

indicated that although MF pretreatment of seed 

enhanced MTI in the seedlings under salt stress, by 

increasing MF exposure up to 24 hours a 

significant reduction in MTI was observed under 

100 mM NaCl stress. In this order, the 6-h 

treatment enhanced plasma membrane 

thermostability of salt affected plants up to the 

control level. A significant accumulation of H2O2 

in plant tissues was observed in 100 mM NaCl 

treatment (Table 4). A significant interaction effect 

of NaCl level and MF exposure duration on H2O2 

was found, which indicated that magnetic exposure 

induced H2O2 accumulation in plant of non-saline 

treatment. However, exposing the seeds for 6 or 12 

hours to MF reduced H2O2 accumulation in the 

plants under salt stress, although the trend was not 

statistically significant. On the other hand, MF 

treatment for 24 hours did not reduce H2O2 content 

under 100 mM NaCl stress (Figure 5). A positive 

correlation was found between H2O2 content and 

plasma membrane thermostability index (Figure 6). 

 

Accumulation of MDA was observed in the plants 

under salt stress (Table 4), which in parallel MTI 

significantly reduced (Figure 6). The highest MDA 

concentration was detected in plants under 

100 mM NaCl treatment. Magnetic exposure of 

seeds for 6 and 12 hours significantly reduced 

MDA content in plant and no significant difference 

was detected between the week and the strong 

magnetic fields. 

 

 

Figure 5: The interaction effect of magnetic field exposure duration and NaCl concentration in medium on plasma 

membrane thermostability index (MTI) in shoot of Zea mays var. saccharata (Data are means ± SEM of four 

independent samples) 

 

 

Figure 6: Correlation between membrane stability index (MSI) and concentration of malondialdehyde (MDA) and 

H2O2 in the shoot of Zea mays var. saccharata 
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4 DISCUSSION 

 

The model plant which was used for this 

experiment, Z. mays var. saccharata, is a salt 

sensitive species (Chinnusamy et al., 2005; Cha-

Um and Kirdmanee, 2011). In recent years, 

improving salt tolerance of this species has 

attained more attention in breeding programs 

(Bänziger et al., 2006; Cha-Um and Kirdmanee, 

2011). In the current study adverse effects of salt 

stress were observed on the plant during seed 

germination and early growth stages. Ashraf and 

Rauf (2001) also reported the adverse effects of 

NaCl stress on sweet corn during seed germination 

and seedling growth stages. It has not been 

clarified which component of salt stress mainly 

affects plant during seed germination. Our results 

indicated that salt stress did not affect sweet corn 

seed germination during early 24 hours after salt 

treatment, however, the adverse effects of 100 mM 

NaCl stress became evident after 48 h. The 

detrimental effects of salinity were increased by 

time, as the final seed germination was equal in 50 

and 100 mM NaCl treatments. Similar results were 

found in the case of germination rate indices. The 

results suggest that during the early stages, seed 

germination rate is inhibited through reducing 

imbibition due to osmotic impact of salt stress. 

However, with increasing the contact between salts 

and the seeds over time, the germination 

percentage is limited due to ion toxicity. A recent 

report by Lin et al. (2011) confirms this 

conclusion. 

 

Ramoliya et al. (2006) stated that salinity 

suppresses shoot growth more than root growth. 

Similar results are evident in Ashraf and Rauf 

(2001) research on sweet corn. However, in the 

current study, salt stress did not affect biomass 

accumulation in plant shoot. Accordingly, the 

reductions in shoot FM and elongation were due to 

water deficit under salt stress. Cha-Um and 

Kirdmanee (2011) stated that limitation of water 

availability in growing medium due to reduced 

osmotic potential is detrimental to sweet corn 

growth under salt stress. In the current study, the 

reduced PWC which was observed under salt stress 

confirms this finding. Root showed more 

susceptibility to salt stress as biomass 

accumulation in root was reduced to less than 25 % 

when compared to shoots under 100 mM NaCl 

stress. Therefore, the reduced biomass of the 

seedlings under salt stress was mainly due to the 

inhibition of root growth. The reduction in biomass 

accumulation in plant organs is a result of slower 

growth and development due to osmotic effect of 

salinity (Shani and Ben-Gal, 2005) and a decline in 

net photosynthesis (Arfan et al., 2007). Moreover, 

enhanced respiration of cell under this situation 

(Jacoby et al., 2011) and injuries to cells in 

growing points result in reduction in overall sink 

capacity and plant growth (Moradi and Ismail, 

2007). The detrimental effects of NaCl stress on 

sweet corn growth in terms of dry matter 

production and water absorption was previously 

shown by other authors (Shenker et al., 2003). 

 

Different types of pre-sawing treatments can be 

used for improving seed germination and seedling 

establishment under abiotic stress conditions 

(Ashraf and Rauf, 2001; Iqbal and Ashraf, 2010). 

Several reports have showed the positive effects of 

magnetic treatments on seed germination and plant 

growth (Aladjadjiyan, 2002; Podlesni et al., 2004; 

Yao et al., 2005; Fl´orez et al., 2007). However, 

reports on evaluating the performance of MF-

primed plants under abiotic stress are scarce. The 

results of the current study indicated that magnetic 

priming treatments enhance seed germination and 

growth of sweet corn seedling under non-saline 

and salt stress conditions. Yao et al. (2005) and 

Fl´orez et al. (2007) stated that increasing MF 

intensity enhances seed germination and plant 

growth. In the current study, although the stronger 

MF significantly reduced MGT and time required 

for obtaining the final germination percentage, 

increasing MF intensity did not affect the final 

germination percentage. These effects were mainly 

due to increasing germination percentage till 24 h 

after exposure and such effects were gradually 

reduced afterward. Hence, it can be concluded that 

increasing MF intensity mainly improves rate of 

germination. This positive effect appears not to be 

durable and is vanished over time. 

 

The results revealed that enhancement of water 

absorption after MF exposure was a major factor in 

the mechanism of improvement of seed 

germination and seedling growth under salt stress. 

Other studies also showed that seeds or plants 

exposed to MF absorb more moisture (Garcia and 

Arza, 2001; Karimi et al., 2012). The mechanism 
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of MF treatment on promoting seed imbibition is 

not completely known, but it may be a result of the 

changes in intracellular levels of Ca
++

 and other 

ionic current density across cellular membrane 

which increase osmotic pressure and cellular 

membrane capacity to absorb more water (Dhawi 

and Al-Khayri, 2011). In a previous study, we 

found that MF exposure improves osmotic stress 

tolerance of plant by enhancing osmotic 

adjustment capability and improving water 

availability to plant (Karimi et al., 2012). 

Moreover, an increase in activity of enzymes after 

MF exposure can be involved in higher seed 

germination and vigor under salt stress (Vashisth 

and Nagarajan, 2010). Atak et al. (2007) reported 

that the peroxidase activity increases as plants 

passes through MF. Moreover, Sahebjamei et al. 

(2009) showed that activity of superoxide 

dismutase also enhances in cell after MF exposure. 

Enhancement of ROS scavenger enzymes is 

critical for salt tolerance of plant. 

 

In the current study, a significant increase in 

concentration of proline in the root of non-primed 

plants was observed under salt stress. The 

accumulation of proline in sweet corn in response 

to salt stress was reported in previous studies (Cha-

Um and Kirdmanee, 2011). Proline accumulation 

is a widespread response of plants to 

environmental stresses (Anjum, 2008), which is 

shown to be involved in defense of plants against 

salinity and osmotic stress (Asraf, 2004; Karimi et 

al., 2012). Accumulation of ions in tissues and/or 

tissue dehydration under salt stress may trigger 

proline accumulation. In this study, proline 

accumulation in shoot was in parallel with 

reduction of PWC. The results revealed that water 

deficit is the primarily responsible for proline 

accumulation in plant under salt stress. The effects 

of MF treatments on promoting PWC and 

preventing proline accumulation confirm this 

hypothesis. Another possible conclusion is that the 

accumulation of proline may be regarded as a good 

index of salt stress pressure on this species. These 

conclusions are in accordance with Cha-Um and 

Kirdmanee (2011) that showed proline 

accumulation in salt sensitive maize cultivar in 

response to salt stress is significantly higher than 

the salt tolerant genotype. Similar results also have 

been reported in other crops such as rice and 

sorghum, grown under salt stress (de Lacerda, et 

al., 2005; Demiral and Türkan, 2005). 

Although MF exposure enhanced sweet corn 

germination capacity, some trends in reducing seed 

germination and seed germination rate were 

observed by increasing MF exposure duration up 

to 24 h. Generally, seed germination and seedling 

growth after 24-h exposure to MF were less than 

the other MF treatments. On the other hand, MF 

intensity 15 mT was also more effective than 150 

mT in improving seedling growth parameters. 

Carbonel et al. (2000) and Vashisth and Nagarajan 

(2010) also reported that strong magnetic fields 

may adversely affect seed germination and plant 

growth. The mechanism of such detrimental effects 

of exposing to strong magnetic fields or prolonged 

MF treatments are unknown; however, MF may 

induce mutation and DNA damage in plant (Ager 

and Radul, 1992) and other organisms (Zmyslony 

et al., 2000). Robison et al. (2002) also showed 

that electromagnetic treatments decrease DNA 

repair rate. On the other hand, lower seeds 

germination and seedlings growth can be related to 

overproduction of hydrogen peroxide in plant and 

increased lipid oxidation after exposing seeds to 

stronger MF or prolonged MF treatments 

(Podleoeny et al., 2005). Our results confirmed the 

accumulation of H2O2 in plant shoot after magnetic 

exposure. However, the increase in H2O2 

concentration in plant was positively correlated 

with enhancement of MTI. Recent studies have 

shown that reactive oxygen species (ROS) such as 

H2O2 at low doses act as major signals and 

secondary messengers in regulating plant 

acclimation responses to environmental stresses 

(Foyer and Noctor, 2005). A molecular signal 

system by sensing small changes in H2O2 levels 

controls gene expression to activate cell responses 

to environmental stresses (Vanderauwera et al., 

2005). Thus plant by sensing redox changes in cell 

becomes prepared to the particular needs of abiotic 

stress situations (Gechev et al., 2002). In this order, 

Vanderauwera et al. (2005) identified 20 genes, 

including the transcription factor DREB2A, which 

were induced in response to H2O2 and abiotic 

stress situations. DREB2A is a key regulator of 

cell responses to dehydration (Yoshida et al., 

2014). Our results revealed that magnetic exposure 

activates plant defense system by inducing H2O2 

accumulation in cell, which results in faster and 

stronger response to abiotic stress. However, 

overproduction of H2O2 was observed in the 24-h 

exposure treatment that explains the adverse 
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effects of prolonged magnetic exposure on seed 

germination and plant growth. 

 

According to Ashraf and Rauf (2001), 

accumulation of high levels of Na
+
 and Cl

-
 in sweet 

corn probably trigger the injuries to the plasma 

membrane by affecting ion homeostasis in cell 

under salt stress. Physiological resonance causes 

ROS overproduction and induces lipid 

peroxidation in cell under this condition, which 

eventually leads to plasma membrane injuries and 

malfunction (Foyer and Shigeoka, 2011). In the 

current study, plasma membrane thermostability 

significantly reduced under 100 mM NaCl stress 

and in seedlings of 24-h MF treatment. 

Accumulation of MDA, the by-product of non-

enzymatic lipid peroxidation, in parallel with 

overproduction of H2O2 and loss of MTI confirmed 

peroxidation of membrane lipids under salt stress. 

These observations suggest that although MF 

treatments may reduce oxidative pressure on plant 

under salt stress, accumulation of high doses of 

H2O2 after prolonged MF exposure may adversely 

affect plant performance under severe abiotic 

stress. 

 

In conclusion, this study showed that the positive 

effects of MF on germination and early growth of 

plant depend on the intensity and the duration of 

MF exposure. The results revealed that stronger 

MF exposure enhances rate of seed germination, 

however, using stronger MF or increasing MF 

exposure duration do not necessarily exert positive 

effects on final seed germination percentage and 

plant growth. MF exposure was found to improve 

plant water absorption capability and induce H2O2 

signaling in cells, priming plant to deal with salt 

stress. Therefore, magnetic pretreatment for a short 

duration was suggested as an applicable approach 

to improve seed germination and seedling 

performance under salt stress. Such treatments are 

simple, cheap, and environmental friendly; 

however, the results suggested that this technique 

should be optimized for each species. 
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