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Seed storage is a necessity related to the seasonality of crops, for breeding
programmes, and insurance against crop failure. Stored seeds may deteriorate over
time, which is a natural phenomenon as seeds tend to lose viability and vigour even
under optimal storage conditions. Recently, the use of physical factors such as
electromagnetic fields (EMFs) to improve seed fitness has received more attention.
The aim of this study was to analyse the priming effects of EMF treatment (50 Hz, 7
mT) on germination, emergence, and seedling growth of ageing seeds of wheat
(Triticum aestivum) separated into groups of small and big seeds. Different biochemical
changes in EMF-treated seeds and seedlings were examined, including membrane
integrity, H202 levels, a-amylase activity, and changes in phytohormones (gibberellins,
GAs; indole-3-acetic acid, IAA; abscisic acid, ABA; jasmonic acid, JA; and salicylic
acid, SA) content. It was revealed that the chosen storage conditions mostly affect
small wheat seeds' germination parameters while pre-sowing exposure to EMF
stimulated most, the germination kinetics and seedling growth dynamics of small aged
seeds. Moreover, significant changes in studied biochemical traits and phytohormones
content were detected depending on EMF exposure, seeds size, and plant tissue type.
The results of our study shed light on the mechanism controlling the observed effects
of EMF treatment on plant growth processes and the possibility of using this priming
factor in deteriorated seeds to improve their quality for sowing.
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physiological response of aged winter wheat (Triticum aestivum L.) seeds after treatment with
electromagnetic field (EMF)” by Daniele Cecchetti, Agnieszka Pawetek, Joanna Wyszkowska,
Adriana Szmidt-Jaworska for your consideration for publication as an original article in Plant

Growth Regulation.

In the light of our scientific interest we undertook to investigate the changes occurring in aging
seeds and the impact of the electromagnetic field on improving seed germination parameters.
We shed light on the processes underlying plant responses to EMF. The obtained results
indicate the close relationship between germination of winter wheat and seed aging process,
seed size, phytohormones, a-amylase and H2O> levels in control conditions and after pre-
sowing seed treatment with EMFs (50 Hz, 7 mT). These opens a new perspective on
understanding the reactions initiated by the electromagnetic field and indicate the possibility of
using the electromagnetic field as a technique supporting the recovery of wheat seeds subjected
to natural aging.
We believe our results will be of interest to the plant physiology and agronomy community.
Therefore, we would be grateful if you would consider it for publication in your journal.
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Abstract

Seed storage is a necessity related to the seasonality of crops, for breeding programmes, and insurance against
crop failure. Stored seeds may deteriorate over time, which is a natural phenomenon as seeds tend to lose
viability and vigour even under optimal storage conditions. Recently, the use of physical factors such as
electromagnetic fields (EMFs) to improve seed fitness has received more attention. The aim of this study was
to analyse the priming effects of EMF treatment (50 Hz, 7 mT) on germination, emergence, and seedling
growth of ageing seeds of wheat (Triticum aestivum) separated into groups of small and big seeds. Different
biochemical changes in EMF-treated seeds and seedlings were examined, including membrane integrity, H2O2
levels, a-amylase activity, and changes in phytohormones (gibberellins, GAs; indole-3-acetic acid, IAA;
abscisic acid, ABA; jasmonic acid, JA; and salicylic acid, SA) content. It was revealed that the chosen storage
conditions mostly affect small wheat seeds' germination parameters while pre-sowing exposure to EMF
stimulated most, the germination kinetics and seedling growth dynamics of small aged seeds. Moreover,
significant changes in studied biochemical traits and phytohormones content were detected depending on EMF
exposure, seeds size, and plant tissue type. The results of our study shed light on the mechanism controlling
the observed effects of EMF treatment on plant growth processes and the possibility of using this priming

factor in deteriorated seeds to improve their quality for sowing.
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Introduction

Many crops are reproduced through seeds thus, requiring the production, storage, and transport of large
quantities of seeds. Seeds are stored for one or more seasons in order to accommodate the seasonality of crops
and the needs of breeding programmes and also insure against crop failure (McDonald 1999; Bewley et al.
2013). Naturally, stored seeds even under optimal storage conditions, may lose their quality, viability, and
vigour over time (McDonald 1999). Adverse environmental factors may also contribute to the deterioration of
seeds. Seed ageing during storage may cause retardation of field establishment, and may eventually result in
seedling abnormalities or even failure of emergence (Bewley et al. 2013; Ziegler et al. 2021). Ellis (2022)
reports of potentially reduced germination rate, lowered tolerance to suboptimal germination conditions, and
reduced seedling growth due to ageing of stored seeds.

Storability of seeds has mainly a genetically regulated mechanism and is influenced by factors
including seed quality at the time of storage, pre-storage history of seeds (environmental factors during pre-
and post-harvest stages), seed moisture content, ambient relative humidity, temperature of storage
environment, duration of storage, and biotic agents (Ziegler et al. 2021). Some seeds, referred to as orthodox,
are able to tolerate desiccation and retain their viability for a long time in the dry state in contrast to their
recalcitrant (syn. non-orthodox) counterparts (Roberts 1973).

The viability of orthodox seeds, such as wheat (Triticum aestivum), is relatively easily sustained by
lowering their moisture contents and storage temperature, although, they deteriorate gradually and eventually
die even under such suitable storage conditions. The mechanisms causing seed deterioration are slowly being
understood. Deteriorated seeds are characterized by: (1) disruption of cellular membranes, which manifests
itself e.g. by an increase in leakage cytoplasmic components; (2) a reduction of enzyme activities; (3) a
decrease of respiration rate; (4) a reduction in efficiency of antioxidant systems; (5) the peroxidation of lipids;
(6) impairment of protein synthesis systems; (7) depletion of food reserves; and (8) the damage of genetic
integrity (Hendry, 1993; McDonald, 1999; Kibinza et al. 2006; Bewley et al. 2013; Gebeyehu, 2020). Since
the physiological and biochemical parameters of seeds are important for successful seedling establishment
(Corbineau, 2012), the cellular parameters could help evaluate and promote new approaches for identifying
differences important for establishing the quality of stored seeds (Pritchard, 2020).

Damage from the seed ageing process can be delayed or stopped by adopting various treatments at
different agronomic stages (pre-sowing, harvesting, and storage periods). Seed priming is a widely-used pre-
sowing treatment to improve seed performance in terms of germination speed, final germination rate, seedling
vigour, uniformity, and tolerance to both biotic and abiotic stress (Lutts et al. 2016, Rifna et al. 2019; Biswas
et al. 2023, Kaya et al. 2024).

Arange of priming treatments have been developed, but none has been established as being universally
effective or beneficial for all crops (Farooq et al. 2019). They differ in their effectiveness depending on a
complex interaction of factors including plant species or genotypes, water potential of priming agents, duration

of treatment, and environmental features. Physical priming methods include treatment with magnetic fields,
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which can be static (SMF) or alternating. Alternating magnetic fields are also referred to as electromagnetic
fields (EMF), which are characterized by a dominant magnetic component. These fields/methods are
considered non-invasive and environmentally friendly means of enhancing crop growth and development
(Sarraf et al. 2020; Bernard et al. 2024). Exposure of seeds of Hordeum vulgare (Shabrangy et al. 2021) and
Triticum aestivum (Cecchetti et al. 2022) to EMF (both 50 Hz, 7 mT) improved their germination parameters.
Dry and wet seeds of Valeriana officinalis treated with EMF (60 Hz, 1 and 2 mT) showed improved growth
parameters and activity of scavenging enzymes in their leaves (Farzpourmachiani et al. 2015). Dry and wet
seeds of Salvia nemorosa treated with similar doses of EMF (50 Hz, 2, 4, and 6 mT) produced plants with
higher contents of micronutrients and photosynthetic pigments (Ghaemi et al. 2020). Dziwulska-Hunek et al.
(2023) have reported of the positive impact of EMF (30 mT for 60 sec) treatment of Glycine max seeds on
their germination. Ali et al. (2024) have also discovered that corn (Zea mays 1..) growth and grain yield can be
directly increased by treatment with an EMF (from 60 to 180 mT) for a short time (3-6 min). Surprisingly,
seedlings obtained from treated seeds are more resistant to unfavourable environmental conditions
(Pietruszewski and Kania, 2010).

Subsequent studies have shown a beneficial effect of electromagnetic fields on the response of plants
to biotic and abiotic stress factors (Sharraf et al. 2020). The application of EMF can reduce the detrimental
effect of pathogenic microbes and increase the growth and yield of plants (Galland and Pazur 2005). For
example, citrus plants intermittently exposed to 10 Hz EMF showed a substantial rise in fresh and dry leaf
weight in healthy as well as Phytoplasma aurantifolia infected plants (Abdollahi et al. 2012). Study conducted
on Nicotiana tabacum showed that treatments with SMF and EMF can be an effective application for
increasing plant resistance to phytopathogen Zobamovirus (Trebbi et al. 2007). One of these positive effects
was noted in the case of plants grown in salt, as reported for seeds of Zea mays treated with 200 mT SMF
(Baghel et al. 2019), or in heavy metal stress conditions, as reported for EMF-primed seeds of 7riticum
aestivum L. cv. Xiaoyan (600 mT) (Chen et al. 2017) and Vigna radiata (600 mT) (Chen et al. 2011).

The use of physical technique including exposure to EMFs as priming methods has received much
attention since these methods are considered as safer to apply, relatively cheaper, and environmentally friendly.
Conducting well-planned research might allow us to use physical methods to improve seed quality of numerous
crops. The aim of this study was to analyse the priming effects of EMF treatment (50 Hz, 7 mT) on the
germination and growth parameters of ageing seeds of wheat (7riticum aestivum). Different biochemical
changes in EMF-treated seeds and seedlings are examined, including membrane integrity, H2O2 levels, a-
amylase activity, and changes in phytohormones (gibberellins, GAs; indole-3-acetic acid, IAA; abscisic acid,
ABA; salicylic acid, SA; jasmonic acid, JA). The results of our study shed light on the mechanisms controlling
the observed effects of EMF treatment on the germination process and the potential of using this method to

improve growth parameters in deteriorated seeds.

2 Materials and Methods

2.1 Plant material
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Seeds of winter wheat (Triticum aestivum) var. Owacja harvested in 2018 were received from the IHAR Group
(Poland). For all experiments, undamaged seeds were selected and divided into two groups based on their size
range (Fig 1A) of the three axial dimensions (length, width, and thickness) as was established by Cecchetti et

al. 2022. Those seeds will be mentioned as ‘aged small’ and “aged big’ seeds in the next parts of the paper.

2.2 Monitoring of Seed Ageing Process

The seeds were divided into two groups and stored in thick cardboard boxes at two different environmental
conditions: (1) temperature 24.5 + 0.5°C and 60% of relative humidity (RH) (to promote ageing process) and
(2) temperature 10 = 1°C and 40% of RH (to maintain seed viability). To determine the ageing process seeds
were sorted randomly every six months for germination control (Table 1). Germination tests were performed:
(1) for 5 days in Petri dishes (diameter of 9 cm), filled with filter paper, moistened with 3 mL of sterilized
deionized water (0.05 uS cm™); (2) for 8 days in plastic pot (upper diameter 8.5 cm, lower diameter 6.5 cm,
hight 7.5 cm), filled with a substrate mix of peat (Substral osmocote Warszawa, Poland), vermiculite, and sand;
40/40/10 (v/v/v). All germination tests were conducted in laboratory conditions at 24.5 + 0.5°C, 60% RH under
long-day constituting 15 h of light and 9 h of darkness. The photosynthetic photon flux density (PPFD) was
30 pmol m 5!, provided using two OSRAM L 30 W/865 (LUMILUX - Cool Daylight) and one OSRAM L
30 W/77 (FLUORA) lamps kept 98 cm above where the pots and Petri dishes were placed. The seeds were
considered as germinated when roots were protruded from caryopses (test in Petri dish) or coleoptiles emerged

from the soil (test in pots).

2.3 Exposure to electromagnetic field

Before seeding, the seeds kept in falcon tubes were exposed for 24 h to the electromagnetic field, EMF (50
Hz, 7 mT). A detailed description of the set-up and environmental conditions has been published by Cecchetti
et al. (2022) and Bienkowski and Wyszkowska (2015). In the control variant, the seeds were placed in the

same external conditions without exposure to the EMF.

2.4 Germination assay
After the treatment was performed, the seeds were placed inside the Petri dishes (9 cm diameter and at the
bottom covered with filter paper). Then, sterilized deionized water (3 ml) was added and the Petri dishes were
sealed with sealing film (PARAFILM® M). Tests were carried out on three replicates for each single variant,
constituted by 50 seeds divided in 10 seeds for each Petri dish. The seeds were put in continuous darkness
conditions at 24 + 0.5°C, with 60% RH.

The experiment last for 72 h after seeding (AS), with a total of nine time points (0, 4, 8, 12, 16, 20, 24, 48,
72 h) selected for germination parameters analysis. The germination process was analysed by observing the
two phenomena related to the germination process: (1) coleorhiza emergence, observed by 0 to 24 h AS; (2)
radicle emergence of at least 2 mm in length (complete germination), observed by 0 to 72 h AS. The evaluation

of coleorhiza and radicle emergences were ascertained through the use of the following germination
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parameters: Mean Germination Time (MGT), Coefficient of Variability of germination time (CVt), Coefficient
of velocity of germination (CVG), Germination index (GI), Median germination time (t50), and Germinability
(G). Details for the calculation of those germination parameters have been presented in the published paper
(Cecchetti et al. 2022).

The fresh and dry weight was estimated for the seedlings that germinated completely, at 72 h AS. The total
fresh weights of the entire seedlings and the separated organs (roots and coleoptiles) were noted. Additionally,
the length of roots and coleoptiles was measured. The dry weight of the seedlings and separated organs were

estimated after drying in an oven for 48 h at 70°C (Cecchetti et al. 2022).

2.5 Root growth studies

For root growth studies, 3-day-old seedlings were used after growing in conditions described in “Germination
Assay”. The number and type (primary or seminal) of roots were assessed based on the growth direction with
respect to the seeds tip (Huang et al. 1991; Nakamoto and Oyanagi, 1994). The classification for normal and
abnormal seedlings was based on the absence or the presence of the primary root and the presence of coleoptile
(Fig 1B). The affiliation of the roots to the appropriate type was confirmed through the use of ImagelJ software
(Schneider et al. 2012). Moreover, the abnormal seedlings were divided into three main classes: (1) 0 roots (0
primary, O seminal, 1 coleoptile; inhibited germination) (2) 1 root (0 primary, 1 seminal, 1 coleoptile), and (3)
2 roots (0 primary, 2 seminal, 1 coleoptiles). The normal seedlings were sorted into main classes based on the
primary root as follows: (1) 3 roots (1 primary and 2 seminal), (2) 4 roots (1 primary and 3 seminal), and (3)

5 (1 primary and 4 seminal).

2.6 Seed water uptake and membrane integrity

For studies of water absorption of treated and non-treated seeds, seeds were weighed and placed in falcon tubes
filled with 20 mL of deionized water and incubated at room temperature for 2, 4, 6, 8, 12, 16 and 24 h. Before
weighing seeds were blotted dry with a paper towel to remove excess. For each variant (small and big seeds),
three replicates of 30 seeds were prepared. The water uptake was calculated by the following formula:

Water uptake [%] = ((fresh weight of seed - dry weight of seed) x 100) / (dry weight of seed)

The membrane integrity was measured based on ion leakage following the procedure of Pawelek et al. (2022).
The electrical conductance of the samples (mS c¢m™) was measured using a digital conductivity meter

(Elmetron CX-103, Zabrze, Poland).

2.7 a-Amylase assay

The a-amylase activity was determined using a modified 3,5-dinitrosalicylic acid (DNS) method (Miller et al.
1959) with some modifications. Seeds germinating in Petri dishes (section “Germination Assay”’) were used
for the analysis and were collected at nine time points (0, 4, 8, 12, 16, 20, 24, 48, 72 h) AS. Seed samples were
subjected to extraction according to Pawetek et al. 2022. The amount of reducing sugar released was measured

using a spectrophotometer (UV-160 1PC, Japan) at 540 nm with maltose as the reducing sugar standard. The
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a-amylase activity was calculated from a standard curve and expressed as mg of maltose per mg of fresh

weight.

2.8 Hydrogen peroxide

For hydrogen peroxide (H202) measurements seeds germinating in Petri dishes (section “Germination Assay”)
were collected at nine time points (0, 4, 8, 12, 16, 20, 24, 48, 72 h), ground in liquid nitrogen and subjected to
extraction according to Pawelek et al. 2022. The content of H.O» was determined from a standard curve by

measuring the absorbance at 390 nm (UV-160 1PC, Shimadzu, Japan).

2.9 Determination of phytohormones

To examine the concentrations of selected endogenous phytohormones gibberellins (GA1, GAs, GA4, GA7),
indol-3-acetic acid (IAA), abscisic acid (ABA), salicylic acid (SA) and jasmonic acid (JA) mass spectrometry
combined with liquid chromatography (LC-MS/MS), and the QuEChERS-based extraction methods (Pu et al.
2018), with some modifications, were used. For this analysis, the roots, coleoptiles, embryos and whole small
and big seeds were used. The tissue samples were collected at different time points in three biological replies
as follows: (1) for the whole seeds at 0, 8, 16, 24, 48, and 72 h AS; (2) for the embryos at 8, 16, 24, and 48 h
AS; (3) for the roots and coleoptiles at 72 h AS.

Sample extraction was performed according to Cecchetti et al. 2022 with the following modifications. Two
different chilled extraction solutions were used depending on water content in samples: (1) for the whole seeds
and embryos at 0 and 8 h AS a mixture of acetonitrile (ACN), formic acid (FA), and double-distilled water (60,
4, 36; (v/ v/ v)); (2) for the whole seeds and embryos at 16, 24, 48, and 72 h AS a mixture of acetonitrile
(ACN), formic acid (FA), and double-distilled water (80, 4, 16 (v/ v/ v)). After homogenization 15 mg of
butylhydroxytoluene (BHT) and deuterated internal standards (10 ng pL! D>~GA1; 10 ng pL' Do-GAs3; 10 ng
pL!' D~GAs; 10 ng pL!' D—GA7; 5 ng pL™! D>-1AA; 5 ng uL! De—ABA; 10 ng pL" De—SA; 10 ng uL™! Ds—
JA (OIChemim s.r.o, Olomouc, Czech Republic)) were added to the samples. After overnight incubation at
8°C with continuous shaking, 200 mg of sodium sulphate and 600 mg of NaCl/(MgS0O4 x 7H20) (1/3 (m/m))
were added to the solution and mixed. The samples were centrifuged for 10 min at 10,000 x g. The obtained
supernatants were collected for the purification step performed according to Cecchetti et al, 2022. The total
phytohormonal concentration was determined in triplicate using LC—MS/MS Nexera UHPLC and LCMS—
8045 integrated system (Shimadzu Corporation, Kyoto, Japan) according to Cecchetti et al, 2022. The
ionization source parameters were optimized in positive ESI mode using pure GA |, GAs, GA4, GA7, 1AA,

ABA, SA, and JA dissolved in HPLC-grade water (Sigma-Aldrich, Darmstadt, Germany).

2.10 Statistical analysis
The statistical analysis of the seed ageing process, germination parameters, root growth, seed water uptake and
membrane integrity and phytohormones analysis were conducted using a two-tailed t-test. The seedling growth

parameters, o-amylase activity, and hydrogen peroxide content were analysed with one-way ANOVA, followed
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by the Tukey test and Levene's test. For all analyses, the PAST 4.0 program was used (Hammer and Harper,

2001) and the level of significance was set at p < 0.05.

3 Results

3.1 Monitoring of seed ageing process

The storage conditions of seeds for 2.5 years had a significant impact on the germination process (Table 1).
The analysis revealed that the final germination percentage was high in seeds just after harvesting (October
2019) and then decreased gradually during storage at 24.5 + 0.5°C. After 30 months of storing at 24.5 + 0.5°C
a significant reduction (17%) in final germination percentage compared to October 2019 appeared. Such a
situation was not observed when seeds were kept at 10 = 1°C. Storage of seeds at 24.5 = 0.5°C reduced
significantly by 12% also the final percentage of seedling emergence, compared to October 2019. However,
storage of seeds at 10 + 1°C preserved seed viability, without a significant decline in the final percentage of

seedling emergence.

3.2 Germination assay (aged seeds, EMF exposure)

The wheat seeds subjected to a natural ageing process were used to analyse the potential impact of EMFs as a
factor on germination process. In the research coleorhiza emergence (0-24 h AS) and radicle emergence
(complete germination, 0—72 h AS) were the subject of observation (Table 2). When considering the emergence
of the coleorhiza the results showed that, in control conditions, small seeds germinate slower than big seeds.
The reduction of the coleorhiza emergence of small seeds was 100% at 8 h AS, 50% at 12 h AS, and 22% at
16 h AS, compared to control big seceds (Table 2). In the control samples, no significant differences in the
speed of radicle emergence were noted between big and small seeds (Table 2).

After EMF exposure, faster coleorhiza emergence was observed in both small and big seeds compared to
controls. The speed of coleorhiza emergence in big seeds increased by 89% at 8 h, 42% at 12 h, and 26% at 16
h AS, while in the small seeds increasement was 46% at 12 h, 25% at 16 h, and 4% at 24 h AS (Table 2). In
case of radicle emergence, the significant improvement by EMF treatment was noted both in big and small
seeds compared to the controls. However, the speed of radicle emergence in big seeds increased by 79% at 20
h AS, while for small seeds it increased by 63% at 20 h and 50% at 24 h AS (Table 2).

In this study, six different germination parameters were analysed for the coleorhiza and radicle emergence of
small and big seeds in control conditions and after exposure to EMF (Fig 2). Assessing the germination
parameters of seeds in control conditions confirmed the slower rate of germination of aged small seeds
compared to aged big seeds. Significant differences in the selected germination parameters between the aged
small and aged big seeds were detected only for coleorhiza emergence (Fig 2A-E). Under the control
conditions, the aged small seeds, compared to the aged big seeds, obtained the different germination parameters
during coleorhiza emergence: 17% higher MGT, 17% higher t50, 27% lower GI and 0.93% lower CVG. EMF

exposure had a significant effect on the selected germination parameters of the wheat seeds. During coleorhiza
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emergence, significant stimulations were detected for both aged small (Fig 2A and C-F) and aged big seeds
(Fig 2A-E). The aged treated small seeds compared to the controls were stimulated as follows: 6% reduction
in MGT, 8% reduction in t50, 0.32% increase in CVG, 14% increase in GI, and 3% increase in G; meanwhile,
the aged treated big seeds compared to the controls were stimulated as follows: 6% reduction in MGT, 8%
reduction in t50, 0.42% increase in CVG, 10% increase in GI, and 4% increase in CVt.

In turn, in the case of the radicle emergence, significant stimulations after EMF exposure were detected for
both aged small and big seeds (Fig 2G, I, and J). The analyses conducted on aged treated small seeds compared
to controls show improvements for the chosen parameters: 19% reduction in MGT, 0.63% increase in CVG,
and 20% increase in GI. For aged treated big seeds, compared to the controls, a 10% reduction in MGT, a

0.31% increase in CVG, and an 11% increase in GI were noted.

3.3 Growth parameters

In addition to the 72-h germination assay, measurements of the length of roots and coleoptiles (enclosing the
first leaf), as well as the fresh and dry weight of individual organs, of the three-day-old wheat seedling were
carried out in control conditions and after exposure to EMF. The results achieved are shown in Table 3.

The results from control samples show that aged small seeds present statistically significant differences in
values compared to aged big seeds. In the control condition, the growth parameters of small seeds were higher
compared to the aged big seeds for the following plant organs: 7% higher coleoptiles length, 81% higher roots
dry weight, and 92% higher coleoptiles dry weight. On the other hand, compared to the controls, it was revealed
that the final effect of EMF treatment is dependent on the seed size. For small seeds, the EMF pre-sowing
treatment improved the root and coleoptile length by 17% and 11%, respectively, together with the increment
of root dry weight and coleoptile fresh weight by 28% and 10%. Results obtained for aged big treated seeds
show that the EMF treatment improves the coleoptile length (2%), root dry weight (57%), and seedling fresh
weight (8%). Thus, the strongest stimulation of the early growth under the influence of the pre-sowing EMF

treatment is related to the organs from the small seeds.

3.4 Number of roots of germinated seedlings growing from aged small and big seeds 72 h AS

The root system architecture is a vital part of the plant and the number of roots in seedlings represents the
changes in the physiological processes that take place during the germination stages. The caryopsis express
root development that includes primary root and seminal roots (Table 4). The analysis has shown that under
the control conditions, no differences between the number of roots in the aged small and big seeds were noticed.
EMF pre-sowing treatment had no significant impact on the number of roots in the small seeds, compared to
untreated control. However, as seen in Table 4 the EMF-treated big seeds, compared to the control were

stimulated as follows: 264% increase in the 5-root class and 63% decrease in the 0-2 root class.

3.5 Monitoring of water absorption and membrane integrity of aged wheat seeds
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Further, the effects of seed size and EMF treatment on membrane permeability of aged seeds of wheat were
analysed (Fig 3). The result obtained for water uptake assay (Fig 3B) in control conditions have shown
statistically significant difference at 4 h, where the small seeds show lower (12%) water content compared to
the big seeds, while small seeds show higher (5%) water content at 12 h AS compared to the big seeds. EMF
treatment affected the water uptake only in the small aged seeds, compared to the untreated controls. Aged
treated small seeds show a decrement (3%) of the water content at 8 h when compared to control.

In membrane integrity assay (Fig 3A) revealed that there is no difference in the control groups in the electrolyte
leakage between small and big seeds. EMF treatment significantly increased the electrolyte leakage in big aged
seeds by 21% at 2 h, compared to the control. However, values of electrolyte leakage decrease after the

treatment of big seeds by 12% at 16 h.

3.6 Amylase activity and H;O; content in germinating seeds

The aim was to determine how the ageing process and EMF treatment influence o-amylases activity and the
change in H,Os levels in germinating seeds (Fig 4). In control conditions there was no difference in a-amylase
activity between small and big seeds. However, a stimulatory effect of EMF exposure on amylase activity was
revealed in small seeds at 8, 48 and 72 h AS.

To test the H,O> content in aged wheat seeds in control conditions groups of small and big seeds were analysed.
It was observed that the H,O> level in aged small seeds is higher compared to big ones, with significant
statistical differences at the five time points: 8 h AS (7%), 12 h AS (24%), 20 h AS (6%), and at 48 h AS (36%).
EMF treatment caused significant increases in H,O, levels in small seeds at 4 h AS (28%), 48 h AS (3%) and
72 h AS (15%), compared to untreated controls. However, in EMF-treated big seeds significant rises in H O
levels were noted at 8 h AS (4%), 12 h AS (13%) and 20 h AS (8%), compared to controls.

3.7 Phytohormonal content of gibberellins, IAA, ABA, SA, and JA in germinating aged seeds and in

seedlings, in control conditions and after EMF treatment

The quantitative determination of phytohormone concentration was conducted in aged small and big seeds, in
controls and EMF-treated samples. Whole seeds (0-72 h AS; Fig 5), isolated embryos (8-48 h AS; Fig 6), as
well as roots and coleoptiles at 72 h AS (Fig 7), were used for this analysis.

Gibberellins are key regulators promoting plant growth and cell division (Lymperopoulos et al. 2018). Our
study revealed that the concentration of particular gibberellin varied from 6 to 25 ng per g fresh weight and
depended on plant organs, time after seeding, and exposure to EMF.

In control conditions, significant changes in GA level were detected only in the whole seeds at 48 h AS, where
small seeds contained more (100%) GA| compared to the big seeds. EMF treatment affected GA| level almost
exclusively in the whole big seeds. From 8 to 24 h AS, the EMF-treated big seeds had approximately 5-12 ng
per g fresh weightof GA| compared to the untreated controls with undetectable levels of GA1. At 48 h AS, the
GA| level in EMF-treated big seeds was significantly higher (177%) compared to the untreated control.
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In control conditions from 0 h AS to 48 h AS, the whole small seeds contained more GAs compared to the
whole big seeds. After EMF treatment, GAs level significantly increased in whole small and big seeds at 16 h
AS, compared to untreated controls. Additionally, in whole small seeds at 8 h AS, the GA3 content rose from
an undetectable level in untreated control to ~2.5 ng in EMF-treated seeds. Furthermore, an increase in GA3
level was noted in the isolated embryos from small EMF-treated seeds at 8 h AS (46%) compared to the control.
Moreover, in 3-day-old roots growing from the big seeds, EMF exposure resulted in a significant increase
(87%) in GAs content compared to untreated control.

There was no significant difference in GA4 content between small and big seeds in control conditions. After
EMF treatment, specific changes in GA4 levels were noted in whole seeds, as well as in embryos. With the
whole seeds, a significant increase in GA, level was observed in EMF-treated small seeds (152%) and big
seeds (106%) at 8 h AS, as well as in EMF-treated small seeds (322%) at 24 h AS, compared to untreated
controls. However, at 72 h AS, a reverse seeds response to EMF treatment was observed, where a significant
drop (80%) in GA4 level in whole small seeds was noted, compared to untreated control. In isolated embryos,
EMF treatment increased GA4 level from undetectable to approximately 1.8 — 4.4 ng in the embryos of small
seeds in the early hours of germination (8 h AS and 16 h AS). There were no changes in GA4 levels in 3-day-
old organs under control conditions or after EMF treatment.

In all analysed tissues, significant changes in GA7 level were observed only after EMF treatment. In whole
seeds, a rise in GA7 content was noted in EMF-treated small (93%) and big (450%) seeds, but only at 8 h AS.
In the embryos, only a slight decrease (24%) in GA7 level occurred in EMF-treated big seeds compared to
untreated control. However, in roots growing from EMF-treated big seeds, a significant rise (39%) in GA;
content was noted compared to control.

In the control conditions, there were significant differences in IAA levels between small and big seeds during
the germination process. With the whole seeds, the amount of IAA in the small seeds was 149% and 74%
higher than in the big seeds at 24 h AS and 72 h AS, respectively. With the embryos, a significant increase in
IAA amount (63%) was detected in small seeds compared to big seeds.

EMF treatment positively affected IAA level in both small and big seeds. In whole small seeds, EMF exposure
caused the increase in IAA level at 8 h AS (62%) and at 16 h AS (89%) compared to untreated controls.
However, in whole big seeds after EMF treatment, the IAA level was higher at 8 h AS (126%), 24 h AS (95%),
and 72 h AS (72 %) compared to controls.

In the embryos of small and big seeds, EMF exposure affected IAA level differently at 8 h and 16 h AS. For
EMF-treated embryos of small seeds, the IAA level first dropped by 19% (8 AS) and then rose by 94 % (6 h
AS) compared to untreated controls. In the embryos of big seeds, EMF exposure caused an increase in [AA
level by 60% (8 h AS) and a 42% decrease at 16 h AS compared to controls. In 3-day-old organs, IAA level
was not affected by seed size or EMF treatment.

In control conditions, the whole small seeds contained more ABA than the big seeds at 24 h AS (35%) and at
72 h AS (81%). In the embryos of control samples of big seeds, two large increases in ABA levels were detected
at 8 h AS (207%) and 16 h AS (538%) compared to the embryos of small seeds.
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EMF treatment affected ABA level mainly in big seeds. After EMF exposure at 8 h AS and 24 h AS, the whole
big seeds contained more ABA than untreated controls. However, in EMF-treated embryos of big seeds, the
ABA level significantly decreased at 8 h AS (57%) and 16 h AS (81%), compared to controls. EMF effect on
small seeds was detected only in whole seeds, causing an 18% increase at 24 h AS and a 34% reduction at 72
h AS, compared to untreated controls. Similarly, in roots and coleoptiles growing from EMF-treated big seeds,
a significant decrease in ABA level (35%) compared to untreated controls was revealed.

SA was present in high concentration in all analysed samples. In controls, the whole small seeds at 8 h AS
contained 53% more SA than the whole big seeds.

With the whole seeds, EMF treatment caused a decrease in SA level at 16 h AS in big seeds (by 38%), and at
24 h AS in big seeds (by 47%) as well as in small seeds (by 38%), compared to untreated controls. In contrast,
EMF-treated embryos of big seeds contained higher SA level at 8 h AS (72%) and 24 h AS (41%) than their
controls. At 24 h AS, EMF-treated embryos of small seeds also expressed higher SA level (31%) compared to
untreated control.

Concerning 3-day-old organs, EMF treatment significantly affected SA level only in coleoptiles growing from
big seeds, causing an increment of 60% compared to untreated control.

Examination of JA levels revealed different JA content and detectability depending on plant organ and
treatment conditions. During the 72-h germination period, JA was not detected in the whole seeds, regardless
of seed size or EMF exposure. JA level was affected by EMF treatment only in the embryos of big seeds where
at 8 h AS and 16 h AS, JA amount increased by 122% and 31% respectively, compared to untreated control.
After EMF exposure, 3-day-old roots growing from small seeds expressed a 30% decrease in the level of JA,
compared to the control. Also, in the case of coleoptiles growing from big seeds, EMF treatment caused a

significant reduction by 45% in JA amount, compared to untreated control.

4 Discussion

In this study, new findings on the effect of electromagnetic fields on the imbibition and germination of wheat
grains that have been stored and lost their natural vigour are presented. The study also examined changes in
seed’s amylolytic enzyme activity, membrane permeability and a profile of hormone changes that serve as key
indicators of seed viability. We showed that higher temperature and humidity conditions during storage caused
a significant loss of the ability of ageing seeds to germinate and emerge from the soil (Table 1). For orthodox
seeds like wheat seeds, storage conditions of low moisture and low temperature are important factors to
maintain their viability (van Treuren et al. 2018).

The coleorhiza emergence speed and germination parameters of the control sample of aged small seeds
without EMF treatment were significantly lower than the control sample of aged big seeds (Table 2, Fig 2). In
a previous study in control conditions, fresh small seeds of wheat expressed faster coleorhiza and radicle
emergence compared to fresh big seeds (Cecchetti et al. 2022). This shows that suboptimal storage conditions

used in the current study influence seed germination depending on seed size. Results obtained from artificially
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aged seeds of lentil (Lens culinaris Medik.) showed that aged seeds express lower emergence percentage
compared to fresh seeds, but independent on seed size. However, lentil plants growing from aged small seeds
produced lesser grain yield per unit area than plants growing from aged big seeds (Ghassemi-Golezani et al.
2014). Also, for artificially aged seeds of rice, significantly lower germination rates compared to seeds without
ageing treatment were observed, and the radicle was more sensitive to ageing, compared to the coleoptile
(Zheng et al. 2024). A study of eight woody plant species showed that small seeded species are the fastest to
germinate (Duncan et al. 2019). However, other reports prove that traits of large-sized seeds allow growing
plants to cope better in stressful conditions (Lebrija-Trejos et al. 2016; Ghassemi-Golezani et al. 2014).

EMEF exposure stimulated coleorhiza and radicle emergence in both small and big aged seeds of wheat,
while the highest values of stimulation were observed for aged big seeds (Table 2). This is in line with Maffei
(2018) observation that EMF improves seed germination. Bhardwaj et al. (2016) noted an enhancement of
germination and seedling vigour in pea (Pisum sativum L.) seeds subjected to natural ageing and then treated
with pulsed magnetic field (PMF).

Analysis of physiological parameters in control conditions showed higher seedling fresh mass and
coleoptile length of aged small seeds when compared to aged big seeds (Table 3). These results are similar to
those obtained from fresh and aged seeds of sorghum (Sorghum bicolor L.) where seedlings developed from
small seeds have longer shoots compared to big seeds (Yousif, 2010). Also, for fresh seeds of wheat small
seeds produced seedlings with longer coleoptiles than big seeds in control conditions (Cecchetti et al. 2022).
However, the difference in shoot length between fresh small and fresh big seeds was more pronounced than
for shoots growing from the aged seeds.

In our study, the majority of seedlings had three roots (Table 4). In wheat seedlings the number of root
is generally five but this value varies depending on germination conditions, time after seeding, and plant variety
(Golan et al. 2018). Low frequency of seedlings with bigger number of roots indicates that few new seminal
roots developed from their primordial state, which can be an index of a promoted seedling recovery from stress
such as the ageing process. The count of the relative frequency of roots in wheat seedlings developed from
aged big seeds treated with EMF showed an increase in the number of seedlings with more than 3 roots and a
decrease in the number of seedlings with less than 3 roots, compared to untreated controls (Table 4). Golan
and colleagues (2018) proposed that in water stress conditions, rapid recovery of roots is essential for survival
of wheat seedlings with high root count, therefore without a substantial root system.

Aged small seeds of wheat at 4 h AS exhibited significantly lower water absorption compared to aged
big seeds in control conditions. This corresponds to significantly slower coleorhiza emergence revealed in aged
small seeds, compared to aged big seeds in control conditions. While long-term preservation of the seeds in
conditions of high RH (above 40%) causes progressive seed’s absorption of the water (Hay et al. 2022), this
can be responsible for observed slower water absorption during the first hours of germination of aged small
seeds of wheat. In following hours of germination in control conditions, at 12 h AS water absorption of aged
small seeds of wheat was higher compared to aged big seeds. Similarly, small seeds of Acacia mangium showed

higher water absorption compared to the big seeds until 120 hours of imbibition (Oliveira et al. 2016). EMF

12

75



444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

treatment affected electrolyte leakage of only aged big seeds, where an increment of ion leakage was noted at
2 h AS, followed by a reduction at 6 h AS when compared to untreated controls (Fig 3A). The reduction of ion
leakage at later hours of germination in aged big seeds treated with EMF may suggest the activation of repair
processes as confirmed in other experiments which tested the priming effect in aged seeds (Hasanuzzaman and
Fotopoulos, 2019). Monitoring of changes in membrane integrity can be a relevant method to investigate the
acquisition of plant tolerance to stressful conditions (Bajji et al. 2002). Similarly, other results obtained from
wheat suggest the promotional effects of EMF (10 kHz, 30 mT) treatment on the seed’s membrane integrity
(Payez et al. 2013).

Higher level of H20 observed in germinating aged small seeds compared to aged big seeds in control
conditions may indicate the presence of oxidative stress in aged small seeds of wheat (Fig 4A). Excessive
levels of ROS present in the plant cell start a cascade of events causing oxidative stress (Bienert et al. 2006).
At 48 h and 72 h AS, in EMF-treated aged small seeds, an increment of H,O; level and a-amylase activity was
observed, compared to untreated controls (Fig 4). Increased H>O» production in mitochondria due to enhanced
respiration rate may be a result of the activated mechanism of cell recovery from stress (Smirnoff and Arnaud,
2019). Increased a-amylase activity in plant cells makes maltose more accessible through the hydrolysis of the
starch, and subsequently promotes the growth of important organs, such as roots and stems (Zhang et al. 2021).

In control conditions, at particular hours AS, aged small seeds of wheat contained significantly higher
levels of IAA, GAy, and SA compared to aged big seeds. This can be connected to the proven important role
of IAA and GA in the regulation of seed longevity (Pellizzaro et al. 2020). The accumulation of SA in the aged
small seeds can be related to a reduction in the activity of ROS scavenging enzymes, such as catalases, as was
shown in oxidatively-stressed plants of rice (Shim et al. 2003). EMF exposure caused different changes in SA
level in whole-aged seeds and embryos of wheat. After EMF treatment 24 h AS, SA level dropped in whole
aged small and big seeds, and rose in isolated embryos of aged small and big seeds, compared to untreated
controls (Fig 5G, 6G). Exogenous application of SA can induce tolerance to multiple environmental stresses
in plants (Wang et al. 2023). Moreover, it was shown that endogenous SA is required in response to chilling
stress in cucumber seedlings (Dong et al. 2014). Therefore, the accumulation of SA observed in wheat embryos
can be a part of the specific cell invigoration process after EMF exposure.

During 30 months of the natural ageing process, ABA content in small and big whole wheat seeds
greatly decreased compared to fresh seeds (5-fold drop in small seeds and 10-fold drop in big seeds) (Cecchetti
et al. 2022). Storing the seeds at 60% RH may cause a partial but consecutive imbibition of the seeds leading
to a gradual reduction in the seed's ABA content (Hay et al. 2022; Sano and Marion-Poll, 2021). In control
conditions, at 8 h AS and 16 h AS, ABA content in embryos of aged big seeds was notably higher than in
embryos of aged small seeds (Fig 6F). Mosher et al. (2010) reported that in higher RH conditions, there can
be a connection between increased amounts of ABA and SA accumulation in plant cells. EMF exposure caused
a vast decline in ABA content in wheat embryos of aged big seeds (at 8 and 16 h AS), compared to untreated

controls (Fig 6F). Similarly, lower ABA levels were observed in seeds of red clover and sunflower primed
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with EMF of 5.28 MHz and 0.74 mT, compared to unprimed controls (Mildaziené et al. 2019; Ivankov et al.
2021).

Changes in SA level were the only significant changes in phytohormone content noted in 72-h-old
organs of wheat in control conditions, where coleoptiles growing from aged small seeds contained more SA
compared to coleoptiles of aged big seeds (Fig 7G). This corresponds to the observed longer coleoptiles
growing from aged small seeds compared to coleoptiles from aged big seeds in control conditions (Table 3).
It is reported that the role of SA in plant growth and development depends on its concentration, plant growth
conditions and developmental stages, and the application of optimal concentrations of SA can stimulate plant
growth in normal and stressful conditions (Koo et al. 2020). EMF treatment caused an increase in particular
gibberellin content in 72-h-old wheat organs growing from aged big seeds (Fig 7). In roots and coleoptiles
growing from EMF-treated aged big seeds, the content of GAs and GA7, respectively, was higher compared to
the untreated controls (Fig 7 B, D). The increment of GAj level was also noted for roots and aboveground
parts of 6-day-old pea seedling growing from seeds treated with SMF (30 mT and 85 mT) (Podlesny et al.
2021). The decrease in ABA level in roots and coleoptiles growing from EMF-treated aged big seeds of wheat
compared to untreated controls is associated with the observed increment of GA (GA7) level in these organs
(Fig 7). In Arabidopsis, the promotion of GA biosynthesis was mediated by H>O, which in turn up-regulates
ABA catabolism, probably through a nitric oxide (NO) signal (Liu et al. 2010). EMF treatment had a
stimulatory effect on studied gibberellin (GA1, GAs, GA4, GA7) content more often in whole seeds than in the
isolated embryos of aged small and aged big seeds of wheat (Fig 5, 6). Meanwhile, in wheat embryos of aged
small and big seeds, GA4 was the most stimulated gibberellin after EMF exposure. An increase in particular
gibberellin contents after EMF treatment has also been noted for seeds of pea and tomato (GAs), as well as of
red clover (GA7) (Podlesny et al. 2021; Anand et al. 2019, MildaZiene et al. 2019). A broad range of
developmental and physiological responses of plants is controlled jointly by light receptors phytochromes and
plant hormones, including gibberellins and auxin (Liu et al. 2021). The involvement of phytochrome and
cryptochrome in plant response to magnetic field exposure has already been reported (Agliassa et al. 2018;
Pooam et al. 2019; Maffei, 2014). Phytochromes and cryptochromes play important roles in the control of
germination and growth processes in plants, acting as promoters that interact with different transcription
factors. Phytochrome interacting factors (PIFs) are among the main transcription factors regulating
phytohormone-mediated plant environmental adaptations (Li et al. 2024). It was shown that PIF3 gene
expression level in wild-type Arabidopsis seedlings and photoreceptor-deficient mutants was significantly

affected in the presence of geomagnetic field (GMF) or near null magnetic field (NNMF) (Agliassa et al. 2018).

Conclusions

Seed ageing is a natural process that leads to a progressive deterioration of seed quality. For some time now,
static and alternating magnetic fields have been used as a promising tool to improve germination and seedling

growth. Existing literature shows that the sensitivity of plants to electromagnetic fields varies depending on
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i.e. plant species, developmental stage of the plant, and physical characteristics of magnetic field exposure.
Our research confirms this factor-dependent plant reactivity to EMF (50 Hz, 7 mT) treatment and also sheds
new light on the physiological and cellular processes underlying the mechanism of EMF action in wheat plants.
It was revealed that storage conditions affect wheat seed vigour and small seeds are more subjected to the
negative effects of ageing processes compared to big seeds. Interestingly, pre-sowing exposure of ageing wheat
seeds to EMF resulted in better germination kinetics and seedling growth dynamics especially in small seeds,
compared to their untreated control group. The association between germination features, H>O», and the
membrane integrity changes indicates the purposeful influence of EMF on the improvement of these
parameters depending on seed size. Moreover, the change in the profile of phytohormones present in EMF-
treated germinating seeds and isolated embryos, i.e. specific increases in the level of [AA and the decreases in
the amount of SA, JA, and ABA also confirms the positive effect of EMF in strengthening the studied growth
traits and cellular processes. Thus, the obtained results indicate the relationship between the germination of
winter wheat and the seed ageing process, seed size, phytohormones, ¢-amylase, and H,O: levels in control
conditions and after pre-sowing seed treatment with EMFs (50 Hz, 7 mT). Our results open a new perspective
on understanding the reactions initiated by the electromagnetic field and indicate the possibility of using the

electromagnetic field as a technique supporting the recovery of wheat seeds subjected to natural ageing.
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Legend for Tables

Table 1 Ageing monitoring of winter wheat (7riticum aestivum) seeds stored at 10 = 1 °C and 24.5 +
0.5 °C, with relative humidity (RH) of 40% and 60 % respectively. Data are shown as mean values
of 50 seeds (n = 3) with standard error (+ SE). Letters indicate significant differences (p < 0.05, one-
way ANOVA, Tukey's test) between different storage conditions and following months of seed
storage for final seed germination and final seedling emergence

Table 2 Germination kinetics of aged winter wheat seeds (7riticum aestivum) in control condition
and after EMF treatment. The coleorhiza emergence and radicle emergence were evaluated in small
and big seeds. The showed data represent the mean values of 50 seeds (n = 3), while the bars represent
standard error (+ SE). Letters indicate significant differences (between particular seed group (p <
0.05; two-tailed t-test;)
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Table 3 Determination of physiological parameters of 72-hours-old seedlings growing from aged
small and big seeds of winter wheat (7riticum aestivum), in controls and after EMF treatment. Data
are shown as mean values of 50 seeds (n = 3) with standard error (= SE). Different letters indicate
significant differences at p < 0.05 (one-way ANOVA, Tukey's test)

Table 4 Relative frequency (%) of roots in aged winter wheat (7riticum aestivum) seedlings 72 h
AS, growing for small and big seeds, in controls and after EMF treatment. Data are shown as mean
values of 50 seeds (n = 3), and bars represent standard error (+ SE). Different letters indicate
significant differences at p < 0.05 (two-tailed t-test)

Legend for Figures

Fig 1 Selection of intact and not germinated aged winter wheat (Triticum aestivum) seeds stored at
24.5 + 0.5°C and 60% RH, based on seed size expressed as length, width and thickness: 1) small
seeds; 2) big seeds. Comparison of dead germinated with broken coleorhiza (Co) seeds observed
during the selection process: 3) seed with partially detached scutellum (Sc) and dry emerged root
(Ro); 4) seed with developed coleoptile (Cp) and dry emerged root (Ro). B) Morphological
characterisation of roots in aged winter wheat (7riticum aestivum) seeds kept in continuous darkness
for 72 h after seeding (AS) on moistened filter paper: 1) three emerged roots observed, with one
primary and two seminal roots (considered as germinated and normal); 2) and 3) four or five emerged
roots observed, with one primary and three or four seminal roots, respectively (considered as
germinated and normal); 4) no emerged roots present, but an emerged coleoptile observed (considered
as non-germinated and abnormal); 5 and 6) one or two emerged roots observed, but only seminal
roots (considered as germinated and abnormal). The distinction between primary roots (a) and
seminal roots (b) is indicated

Fig 2 Evaluation of parameters of germination kinetic for coleorhiza emergence (A, B, C, D, E and
F) and radicle emergence (G, H. L, J, K and L) of small (S) and big (B) seeds of winter wheat (7riticum
aestivum) in control conditions (C) and after EMF treatment (T). MGT - Mean Germination Time,
CVt - Coefficient of Variability of germination time, CVG - Coefficient of velocity of germination,
GI - Germination index, t50 - Median germination time, G - Germinability. Data are shown as mean
values of 50 seeds (» = 3). Significant differences are marked as dark grey boxes (p <0.05; two-tailed
t-test)

Fig 3 Electroconductivity (A) and water absorption (B) changes during the first 24 h AS, in controls
and EMF-treated big and small aged wheat seeds. Data are the means of 30 big and 35 small seeds (n
= 3) and bars represent standard error (£ SE). The symbols indicate significant differences (two-tailed
t-test): (*) indicates significant differences between EMF-treated and control groups of aged small
seeds (p < 0.05); (@) indicates significant differences between EMF-treated and control groups of
aged big seeds (p < 0.05); (&) indicates significant differences between control groups (p < 0.05); (#)
indicates significant differences between EMF-treated group (p < 0.05)

Fig 4 H>O; content (A) and a-amylase activity (B) in small and big seeds germinating for 72 h, in
controls and after EMF treatment. Data are the means (n = 3) and bars represent standard error (+
SE). Different symbols indicate significant differences (one-way ANOVA, Tukey's test): (*) indicates
significant differences between EMF-treated and control groups of aged small seeds (p < 0.05); (@)
indicates significant differences between EMF-treated and control groups of aged big seeds (p <
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0.05); (&) indicates significant differences between control groups (p < 0.05); (#) indicates significant
differences between EMF-treated group (p < 0.05)

Fig 5 Determination of endogenous levels of GA| (A), GA3 (B), GA4 (C), GA7 (D), IAA (E), ABA
(F), and SA (G) phytohormones in small and big seeds of winter wheat (Triticum aestivum), in
controls and after EMF treatment. GA1, GA3, GA4, GA7 - gibberellins, IAA - indol-3-acetic acid,
ABA - abscisic acid, SA - salicylic acid, JA - jasmonic acid. Data are shown as mean values (n = 3)
and the bars represent standard error (+ SE). ND indicates “no detected”. Different letters indicate
significant differences at p < 0.05 (two-tailed t-test)

Fig 6 Determination of endogenous levels of GA1 (A), GA3 (B), GA4 (C), GA7 (D), IAA (E), ABA
(F), SA (G), and JA (H) phytohormones in embryos of small and big seeds of winter wheat (7riticum
aestivum), in controls and after EMF treatment. GA, GA3, GA4, GA7 - gibberellins, [AA - indol-3-
acetic acid, ABA - abscisic acid, SA - salicylic acid, JA - jasmonic acid. Data are shown as mean
values (n = 3) and the bars represent standard error (+ SE). ND indicates “no detected”. Different
letters indicate significant differences at p < 0.05 (two-tailed t-test)

Fig 7 Determination of endogenous levels of GA (A), GA3 (B), GA4 (C), GA7 (D), [AA (E), ABA
(F), SA (G), and JA (H) phytohormones in 72-h-old roots and shoots (coleoptiles) growing from small
and big seeds of winter wheat (7riticum aestivum), in controls and after EMF treatment. GA|, GA3,
GA4, GA7 - gibberellins, IAA - indol-3-acetic acid, ABA - abscisic acid, SA - salicylic acid, JA -
jasmonic acid. Data are shown as mean values (n = 3) and the bars represent standard error (+ SE).
Different letters indicate significant differences at p < 0.05 (two-tailed t-test)
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Table 1

_ Storage conditions
Control time
10+ 1°Cand 40% RH 24.5 0.5 °C and 60% RH
October 2019 98+0.13a 96+0.17a
April 2020 96.66+0.13 a 94.66 + 0.26 ab
Final Seed 7650t oher 2020 94.66 £ 0.13 ab 90.66 +0.13 ab
Germination
(%) April 2021 95.34+0.13 ab 86.66 + 0.22 abc
October 2021 93.34+0.20 ab 83.34+0.31 bc
April 2022 94 +£0.17 ab 78.66+0.23 c
October 2019 92 +0.13 ab 88 +0.30ab
April 2020 92.66 +0.13 ab 90.66 + 0.23 abc
Final Seedling | October 2020 91.34+0.18 ab 87.34 +0.13 abc
Emergence (%) |  April 2021 93.34+0.21a 84.66 + 0.22 abc
October 2021 88.66 +0.22 abc 79.34 £0.23 bc
April 2022 88 +0.23 abc 76 £0.09c
Table 2
Time after Small seeds Big seeds
seeding (h) Control Treated Control Treated
0 0+0.00a 0+0.00a 0+0.00a 0+0.00a
4 0+0.00 a 0+0.00a 0+0.00a 0+0.00 a
Number of 8 0£0.00¢ 0£0.00¢ 12+0.2b 23+0.36a
emerged
soleorkiza 12 16+£0.35d 23+£0.26¢c 32+£0.25b 45 £0.07 a
(%) 16 45+0.19¢ 56+0.19b 58+0.19b 73+£0.15a
20 71+£0.50a 80+0.16a 80+0.27 a 91+0.13a
24 8710.10c 90+0.09b 84 1£0.32 abc 97+0.05a
0 0+0.00 a 0+0.00a 0+0.00a 0+0.00 a
0+0.00 a 0+£0.00a 0+0.00a 0+£0.00a
0+0.00a 0+0.00a 0+0.00a 0+0.00a
R — 12 0£0.00a 0£0.00a 0+0.00a 0£0.00a
emerged 16 0+0.00a 0+0.00a 1+0.58a 2+1.00a
radicles (%) 20 11+076c | 17+060ab | 9+031bc | 17:031a
24 39+0.50c 58+ 0.37 a 42 +0.70 bc 53+0.23 ab
48 80+ 0.24 ab 80+0.27 b 85+0.22a 91+0.20 ab
72 84+0.18a 81+0.19a 89+0.35a 92+0.17a
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Table 3
Physiological parameters Control Treated
. Small seeds 1.90+0.11b 243+0.15a
Root Weight -
Big seeds 1.05+0.14 ¢ 1.65+0.23 b
Small seeds 1.96 £ 0.06 a 2.07+0.20a
Dry mass Coleoptile Weight .
(mg) Big seeds 1.02+0.12 b 0.99+0.16 b
) ) Small seeds 26.39+0.23b 26.52+0.23b
Seedling Weight .
Big seeds 36.57 £0.61 ab 38.1+0.35a
Small seeds 14.80+£0.58 a 15.29+£0.97 a
Root Weight :
Big seeds 16.67£0.88 a 17.79+1.07 a
RheTk - Small seeds 13.97+062b 15404076 a
mass Coleoptile Weight :
(mg) Big seeds 13.27£0.66 b 13.62 £0.96 ab
) ) Small seeds 80.15+1.52b 80.83+1.48b
Seedling Weight =
Big seeds 93.92+1.33a 101.67+1.51a
Small seeds 3463+£1.18b 40.36+1.20a
Organ Root Length :
erigth Big seeds 36.62 £ 0.95 ab 37.22+1.00a
en
) Small seeds 18.77+0.71b 20.89+0.68a
(em) Coleoptile Length :
Big seeds 17.61+£0.57 ¢ 18.01+£0.58 b
Table 4
Relative frequency of Small seeds Big seeds
number of roots (%) Control Treated Control Treated
0 (abnormal) 2+0.06 a 1.5+0.13a 1+0.09a 1+0.09a
1 (1 seminal; abnormal) 3+0.09a 1+0.09a 25+0.11a 1+0.09a
2 (2 seminals; abnormal) 14.5+0.08 a 9+0.09a 10.5+0.07 a 35+0.04a
N o< i0060b | 52:003a | 80£002ab | 800036
primary; normal)
4i{Siseminalonmd 1 3£0.12b | 55+0.03ab | 45:0.07ab | 9.5:0.10a
primary; normal)
2 sainalsand 1+0.09b 1£009ab | 15+0.06b | 5+0.03a
primary; normal)
abigief seedslth 19.5+0.10ab | 11.5£0.06ab | 14+0.04a | 55+0.09b
abnormal roots (0 —2)
sumplesdswilingel) 4, 0110 65+006b | 6+004ab | 145£007a
than 3 roots (4 —5)
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