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Objective: This study investigated the effectiveness of electromagnetic priming in
improving drought tolerance of Hashemi rice (Oryza sativa L.) during germination and
early seedling growth.

Method: A factorial experiment based on a completely randomized design with three
replications was conducted in 2024 at the Islamic Azad University, Astara Branch. Rice
seeds were exposed to magnetic fields (0, 50, 100, and 150 mT) for 20 or 40 minutes and
then subjected to four PEG-induced drought levels (0, -2, -5, and -10 bar). Germination
indecies and physiological traits including proline, MDA, and chlorophyll were measured
after 25 days.

Results: The mean comparison of interaction effects showed that in the absence of an
electromagnetic field (0 mT), increasing drought stress from 0 to —10 bar significantly
decreased germination percentage from 97% to 66.53%, 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. However, application of a 100 mT magnetic field considerably limited these
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
o 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

) _ a1 ] g s ekt Aol adll e i3y AL
ek i R el ae Gl S e azaly; sk azeile gk —— il walf Lt
o &3l Germination  Germination Radicle Coleoptile T ) c C
S.0.V. at Percentage Rate Length Length Radicle Coleoptile  Seedling Length  Seedling Weight
Dry Weight Dry Weight  Vigor Index Vigor Index
blsia slia i o -
y e e 1156170 0.072 472913" 233.984" 0.818 03n™ 27972261 953" 33944341
Magnetic Field (MF)
T%’L” 1 0.570™ 0.0001™ IBEEE™ 0.468 0.076™ 0.006= 255735.809% 317.401%
me
DJ“; ;:“ 3 6325.659" 0.222" 4299983 3094.233% 0.694" 5.243" 232447084.349™ 198897.573"
rought stress
Lot = - - -
;l;’ s = 3 118930 0.002 21.575% 12684 0.043™ 0.003% 1476059.437 2061.697"
., * lime
P -
o ; = 9 103.608™ 0.002 22683 11.150™ 0.077" 0.063" 651298.329" 2662.399"
» Stress
T_~“"" ;’“5 3 7.401™ 0.0001™ 8143 3.400™ 0.029™ 0.084" 184292 621 446229
ime x Siress
-
S Gl 9 4871™ 0.0003 ™ 5.102= 4.887™ 0.017™ 0.010% 107103.237™ 181 464
MF x Time x Stress
L] ol
ﬁ;‘l] o= 64 15.069 0.0001 21.916 3.688 0.022 0.021 249948707 350.121
ITOr
I S-S
i 471 5.25 285 245 1.33 885 7.51 794
[ (%)

40,30 5 zolaw 1o ly ses )0 cime pas Kls s 5 4 agi NS
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

e glie wolil a5 odax @ Judg 15 b Judg s Jodg IS £ gome sl 59 pglle
S.0.V. df Proline Chlorophyll a Chlorophyll Chlorophyll a+b Malondialdehyde
boliis o)
sbliia e 3 39.761%* 0.508%* 1.606%* 3.898%* 88.892%*
Magnetic Field (MF)
- Laj
el 1 11.915%= 0.003 ™ 0.024* 0.043% 0.232%
Time
S 3 288.465%* 0.713%* 0.672%% 2.761%% 25.287%%
Drought Stress
olejx Ghes 3 5.845%* 0.014™ 0.019** 0.063** 32.843%%
MF = Time
X Sl 9 3 R76%* 0.017™ 0.037** 0.094%* 1.770%*
MF = Stress
s ole i
o 3 0.961"™ 0.002" 0.006™ 0.014™ 0.065"™
Time = Stress
TR RN |
A 9 0.650™ 0.001™ 0.005™ 0.008™ 0.433™
MF = Time * Stress
2letl slmal
alejl ol 64 0375 0.009 0.005 0.015 0.248
Error
oy g
P e 1053 2346 12.78 13.01 6.51
CV (%)
ao,0 0 9 ) molaw o o s i)l cime pae Sla i 5 4 agit , NS

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

bbb plase cude gon 2 el iy s e - ada) ol Ay il Job ey gy apedle S oy s gl s it iy asls
[ Drought =¥ “; :;’:' a2 4 {Farlee) {iaglea) (o f gheh 4 (0 shen) apalt aqals
.\lagm_lic Field Stress Percentage Germinatio n Radicle Coleoptile R?t_iiclr Dry L'o_lr?ph'le Dy ﬁee_t_lling Length ﬁee_t_lling Weight
Intensity (mT) (bar) Rate (Seed day”)  Length (mm)  Length (mm) Weight (mg) ‘Weight (mg) Vigor Index Vigor Index

0 97.000 a 0433a 65.800 a 45333 a 1.270a 2313a 107799 a 347.5%0 a
2 91.000 b 0277h 52333b 31667 b 1.340a 1837b TE43.667 b 289.083 b

! -5 TT.667 ¢ 0.207¢ 44.000 ¢ 21000 ¢ 0887 h 1257¢ 548333 ¢ 166.397 ¢

-10 53,667 d 0198 ¢ 28.667 d 17.333d 0733b 1095 ¢ 2508333 d 98.543d

0 98,683 a 04322 61.550a 44.667 a 1308 a 2395a 10480.152 a 365.496 2
2 94.950 b 0.297h 54.000 b 33450 b 1452a 1950 b #303.805 b 32303Th

* 5 #3.500 ¢ 0.220¢ 44.500 ¢ 24350 ¢ 1342 1622¢ 5748000 ¢ 247237 ¢

-10 63.500 d 0.208 ¢ 33.000 d 19.667 d 1.122b 1283 ¢ 3345333 d 151.727d

0 99,833 a 0472a 66.967 a 46.150a 1237a 2.160a 11292950 a 339.112a

2 97383 b 0358 b 56833 b 36333 b 1278a 1.737b 9074350 b 293720 b

" -5 88350 ¢ 0318 ¢ 48.300 ¢ 28233 ¢ L118h 1277¢ 6766.900 ¢ 211710 ¢

-10 75.667 d 0.265¢ 34.000 d 23.500d LI2e 13T0¢ 4335.167d 187.130 d

0 #9.833a 0.347a 53233a 42.000a 1100 a 2.130a 85549002 290,070 a

2 #3833 a 0205 b 47.167 b 28583 b 0975a 1.672b 6365883 b 222288 b

w -5 76333 b 0.177¢ 37067 ¢ 17817 ¢ 0790 b 1183 ¢ 41MTS0¢ 151.780 ¢

-10 46,667 ¢ 0.152¢ 26.333d 16.000 d 0.633 ¢ 1182¢ 1987.333d 85373d

el T Jloil o jo Jls coe gl [ Klis aline ju8 By >
The different letters indicate significant differences at 5% probability level.

Er el (Sl SRy sl (SaS 5 gl 1 3 peebline Glaglae 1S e8 p GeSle duslie —F Jgu
Table 4. Means comparison of the interaction of magnetic field within each level of drought stress on

physiological traits in rice seedlings

weeeblide plaes Sl g0s oy el (g0 alle N ] b oty A @ Judy A5 e oelan
(O lae) Drought (7 oj3 e, 2 Jsn oloa) Fones el ol Foisesl perf el (Foises nesf Ge) (5 oises 2 JsssSen)
Magnetic Field Stress Malondialdehyde Chlorophyll a+h Chlorophyll & Chlerophyll a Proline
Intensity (mT) (bar) (mmol.gFW™) (mg.gFW™") (mg.gFW™) (mg.gFW™" nmol.gFW™")
0 4403 b 1.399a 0.751a 0.648 a 1.017d
o -2 5.370 ab 1.062b 0.619 ab 0.443 b 3563 ¢
-5 6483 a 0.715¢ 0.473 be 0242 ¢ 6.257b
-10 8.000 a 0.503 ¢ 0324 ¢ 0179 ¢ 8.347a
0 6.140 ¢ 1.556a 0.856a 0.700 a 1.138d
50 -2 7.207 be 1.220b 0.700 b 0.520b 4.628 ¢
-5 7.777 ab 0.940 ¢ 0.575be 0.365¢ 7.358b
-10 8.512a 0.744 ¢ 0.432¢ 0312¢ 8450 a
0 8778 ¢ 1910 a 1.087 a 0.824a 1.513d
100 -2 10.207 be 1.352b 0.794b 0.558b T4l8 ¢
-5 11.070 ab 1.075¢ 0.622 be 0453 ¢ 10277 b
-10 11.628a 0.888 ¢ 0.532d 0336 ¢ 11.587 a
0 6.107¢ 0.568 a 0.237a 0.332a 1.165d
150 -2 6.915 ab 0456 b 0.194b 0.262b 5190 ¢
-5 6.892 ab 0.267¢ 0.122 be 0.145¢ T.142b
-10 6.975a 0.196 ¢ 0.092d 0.105 ¢ 7.950 a
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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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Table 6. Linear regression analysis between magnetic field intensity and physiological traits under different
levels of polyethylene glycol-induced stress
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