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Article type: Objective: This study investigated the effectiveness of electromagnetic priming in
Research Article improving drought tolerance of Hashemi rice (Oryza sativa L.) during germination and
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indecies and physiological traits including proline, MDA, and chlorophyll were measured
after 25 days.
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0.19 seeds day™’, radicle length from 65.80 to 28.66, and plumule length from 45.33 to

17.33 mm. However, application of a 100 mT magnetic field considerably limited these
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reductions to approximately 24% and 49% for germination percentage and seedling
length, respectively, indicating an improvement of more than 20% in maintaining
germination capacity. With increasing drought stress, proline content significantly rose
from 1.01 to 8.34 pmol g™' FW, and MDA increased from 4.40 to 8.00 mmol g™' FW,
while chlorophyll a decreased from 0.64 to 0.17 and chlorophyll 4 from 0.75 to 0.32 mg
¢! FW. In the control (0 mT), chlorophyll a exhibited a 72% reduction, whereas at 100
mT this reduction was limited to 56.8%, reflecting approximately 15% improvement.
Regression analysis revealed that the effect of magnetic field intensity on the measured
traits depended strongly on the drought stress level and did not follow a consistent
pattern; under severe stress (—10 bar), no significant linear relationship was detected.
Conclusions: The application of magneto-priming within the optimal range may serve as
a simple, eco-friendly, and practical approach to enhance drought tolerance in rice seeds
and improve early seedling establishment under unfavorable environmental conditions. In
the present study, the treatment with 100 mT for 40 minutes resulted in improved
seedling vigor indices for both length and weight. These findings offer new perspectives
for the application of physical technologies in agricultural stress management and provide
a basis for further field-based studies.
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Highlights
« Germination responses to magnetic fields are nonlinear and depend on field intensity
and drought stress level.

o Electromagnetic priming at 100 mT for 40 minutes mitigates drought stress effects by
up to 20% in germination traits.

« Magneto-priming offers a simple, eco-friendly strategy for improving rice seedling
establishment under drought conditions.

Introduction

Rice (Oryza sativa L.) is among the most important cereal crops worldwide and serves as
the staple food for more than one-third of the global population (Bandumula, 2018). As a
major energy source, rice plays a crucial role in the diets of people in various regions,
particularly Latin America, Asia, and the Pacific Islands. However, the germination stage in
rice is highly sensitive to drought stress, as water deficiency during this phase can reduce
germination percentage and rate, weaken seedling vigor, and ultimately result in poor plant
establishment and consequently decreased yield (Nyasulu, 2024).

The application of electromagnetic fields prior to planting, as a safe and cost-effective
method, can improve germination, early growth, earlier flowering, nutrient uptake, and
ultimately crop yield. In recent years, the use of electromagnetic radiation as an innovative
seed-priming approach has increased (Panuccio et al,, 2018). Furthermore, physical
pretreatments such as ultrasonic waves and ionizing radiation have emerged as novel and
promising strategies to improve agricultural productivity (Rifna et al., 2019).

It has been reported that electromagnetic field treatments can positively affect seed
germination in plants under drought stress, thereby enhancing germination performance.
However, the effects of such pretreatments may vary depending on the intensity and duration
of exposure, as well as among different plant species. Therefore, conducting applied studies to
evaluate different intensities and exposure durations of these treatments is essential. The
present study was therefore designed and conducted to investigate the effects of
electromagnetic field treatments on germination-related traits and physiological
characteristics of rice seeds under drought stress induced by polyethylene glycol (PEG).

Method

A factorial experiment was conducted in 2024 based on a completely randomized design
(CRD) with three replications at the Plant Physiology Laboratory of the Islamic Azad
University, Astara Branch. To generate the required magnetic field intensities, two solenoids
made of ST37 steel cylinders (6 cm in diameter and 30 cm in length) were used. The magnetic
cores were positioned inside the coils and aligned in opposite directions to produce a uniform
magnetic field. Rice seeds were exposed to a constant electromagnetic field at intensities of 0
(control), 50, 100, and 150 mT for 20 or 40 minutes. Subsequently, drought stress was applied
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at four levels: 0 (control), -2, -5, and -10 bar using polyethylene glycol 6000 following the
method of Michel and Kaufmann (1973).

During the experiment, the following traits were recorded randomly from 10 seeds: radicle
length, coleoptile length, radicle and coleoptile dry weight, as well as seedling vigor indices
(length- and weight-based). Physiological traits including chlorophyll ¢ and b contents,
malondialdehyde (MDA), and proline were measured according to the methods of Arnon
(1975), Heath and Packer (1968), and Bates et al. (1973), respectively.

After confirming data normality and meeting the assumptions of analysis of variance, the
data were analyzed as a factorial experiment within a completely randomized design. Mean
comparisons were performed using Fisher's least significant difference (FLSD) test at the 5%
probability level. All statistical analyses and graphing were carried out using XLSTAT
software.

Results

The mean comparison of interaction effects at each magnetic field intensity level showed
that in the absence of a magnetic field (0 mT), increasing drought stress from 0 to —10 bar
significantly reduced all germination traits. Germination percentage fell from 97% to 53.66%,
germination rate from 0.43 to 0.19 seeds day™', radicle length from 65.80 to 28.66, and
plumule length from 45.33 to 17.33 mm, and the weight-based seedling vigor index from
347.59 to 98.54. The reduction in germination traits under drought stress was particularly
pronounced in the control (0 mT), with decreases of approximately 45% in germination
percentage and 59% in seedling length. By contrast, applying a magnetic field—especially at
100 mT—Iimited these reductions to about 24% and 49%, respectively, reflecting an
improvement of more than 20% in maintaining germination capacity. However, at 150 mT,
the decline in germination traits was more severe than in other treatments, with the lowest
values recorded at this intensity; germination percentage dropped from 89.83% to 46.66% and
germination rate from 0.34 to 0.15 seeds day™', indicating a detrimental effect of higher
magnetic field intensity.

As drought stress increased from 0 to —10 bar, proline content rose significantly from 1.01
to 8.34 umol g™' FW, and MDA from 4.40 to 8.00 mmol g™ FW, whereas chlorophyll a
decreased from 0.64 to 0.17 and chlorophyll » from 0.75 to 0.32 mg g™' FW. At 100 mT,
increasing drought stress was associated with a marked increase in proline and MDA
contents. In the control (0 mT) chlorophyll a exhibited a 72% reduction, whereas at 100 mT
the reduction was limited to 56.8%, representing approximately 15% improvement.

Furthermore, regression analysis revealed that the effect of magnetic field intensity on both
physiological and germination traits was strongly dependent on the drought stress level and
did not follow a consistent pattern. Under non-stress conditions, only MDA showed a
significant positive response to increasing magnetic field intensity, while other physiological
traits remained unaffected. Under mild and moderate stress, significant increases in proline
and MDA, along with a decrease in chlorophyll b, were observed. However, under severe
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stress (—10 bar), no significant linear relationship was detected between magnetic field
intensity and physiological traits.

Conclusions

The significant declines in germination and physiological traits under drought stress reflect
disruption of water balance, reduced metabolic activity, and increased oxidative stress in rice
seedlings. However, the results demonstrated that magnetic field pretreatment, particularly at
100 mT, considerably mitigated these adverse effects, reducing the decline in germination
percentage from approximately 45% in the control to about 24%. Among the treatments
tested, the 100 mT treatment for 40 minutes proved most effective in improving these traits,
especially under non-stress conditions.

In contrast, drought stress markedly reduced seedling physiological performance and was
accompanied by increases in stress markers such as proline and malondialdehyde. Moreover,
the interaction between the magnetic field and drought stress indicated that magnetic priming
can serve to alleviate the negative effects of drought and assist plants in coping with adverse
conditions. Overall, these findings highlight the potential of magnetic field application as a
low-cost and non-chemical approach for improving plant growth under environmental
stresses, particularly drought.
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Table 1. Analysis of variance for the effects of electromagnetic field and drought stress on germination and

seedling growth indices of rice
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S.0V. ol Germination  Germination Radicle Coleoptile X
SAL Y. dr Percentage Rate Length Length Radicle Coleoptile Seedling Length Seedling Weight
Dry Weight  Dryv Weight Vigor Index Vigor Index
elght clght igor Index igor Index
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ns, ** and * indicate, non-significant, significant at the 1% and 5%probability level respectively.
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Table 2. Analysis of variance for the effects of electromagnetic field and drought stress on physiological

traits of rice seedlings
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ns, ** and * indicate, non-significant, significant at the 1% and 5%probability level respectively.
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Table 3. Means comparison of the interaction of magnetic field within each level of drought stress for rice
germination characteristics
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Intensity (mT) (bar) Rate (Seed day”)  Length (mm)  Length (mm) Weight (mg) ‘Weight (mg) Vigor Index Vigor Index
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0 98,683 a 04322 61.550a 44.667 a 1308 a 2395a 10480.152 a 365.496 2
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The different letters indicate significant differences at 5% probability level.
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Table 4. Means comparison of the interaction of magnetic field within each level of drought stress on

physiological traits in rice seedlings
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The different letters indicate significant differences at 5% probability level.
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Fig. 1- Interaction of electromagnetic field intensity and time on germination percentage, proline content,

malondialdehyde and chlorophyll b. The different letters in the FLSD test indicate significant
differences at 5% probability level.
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Table 5. Linear regression analysis between magnetic field intensity and germination traits under different levels
of polyethylene glycol-induced stress
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Drought Percentage Germination IRate Seedling Length Seedling Dry Weight Seedling Length
Stress (Seed day ) (mm) (mg) Vigor Index

Regression equation

Regression equation
(bar) / R P-value

/ R¥ P-value

Regression equation
/ R?/ P-value

Regression equation
/ R? P-value

Regression equation
/ R? P-value

Y =98.73 - 0.025 MF Y =0.447 - 0.0003 MF Y =113.483-0.076 MF Y =3.635-0.003 MF Y =11188.07 -9.857MF

0 /0.216/0.128 ™ /0.374/0.035 " /0.372/0.035 " /0.84/0.001 ** /0.367/0.037 "

X Y =93.593 -0.018 MF Y =0.309 - 0.0001 MF Y =87.067-0.022MF Y =3.306-0.003MF Y =8144.353 -3.306MF

: /0.055/0.463 ™ /0.107 /0.299 ™ /0.055 /0.465 ™ /0.67 /0.001 /0.053/0.472™

5 Y =79.617-0.026 MF Y =0.232 - 0.0001 MF Y =69.213-0.041 MF Y =2.498-0.00l MF Y =5523.507 -1.598MF

: /0.087/0.353 ™ /0.007 / 0.999 ™ /0.090 /0.343 ™ /0.032 /0.578 ™ /0.012/0.735™

0 Y =59.067 —0.001 MF Y =0.218 - 0.0001 MF Y =49.70-0.017 MF Y =2216-0.00l MF Y =2989.033 -1.014MF
/0.001/0.981 ™ /0.029 /0.597 ™ /0.011/0.749 ™ /0.007 / 0.794 /0.004/ 0.847 ™
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Table 6. Linear regression analysis between magnetic field intensity and physiological traits under different
levels of polyethylene glycol-induced stress
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0.001 /0.322/0.054 ™ /0.293/0.069 ™ /0.104 /0.306 ™
2 Y =5.618 + 0‘024**MF /0.768/ Y =0.744 - 0.002*MF Y =0.506 - 0.001 MF Y =3.686 + 0.014*MF
0.001 /0.354/0.041 /0.177/0.173 ™ /0.430/0.021
5 Y =6.715 + 0.018 MF /0.609/ Y =0.591 - 0.002 MF Y =0.312-0.001 MF Y =6.474+0.010 MF
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10 Y =8.134 + 0.010 MF /0.307/ Y =0.423 - 0.001 MF Y =0.256 - 0.001 MF Y =8.427 + 0.004 MF
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