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EFFECTS OF ELECTROMAGNETIC FIELDS
AND THEIR SHIELDING ON THE QUALITY
OF CARROT (DaucuscarotalL.) SEEDS

WPLYW POL ELEKTROMAGNETYCZNYCH ORAZ ICH EKRANOWANIA
NA JAKO SC NASION MARCHWI ( Daucuscarota L.)

Abstract: The aim of the study was to determine the efféetiectromagnetic fields and their shielding onratr
seed quality. Three sectors were separated onebieedemitting electromagnetic fields: "E" - secénitting
electromagnetic radiation with the predominance tloé electrical component, "EM" - sector emitting
electromagnetic radiation without domination of @¢esmponents and "M" - sector with a predominante o
magnetic component. Fields generated by the dewee also shielded with ADR TEX screebased on
a nanocomposite in which the electric componerihefelectromagnetic radiation is absorbed by waitgrersed
in a dielectric matrix in various way3he composites exhibit high dielectric absorptiod ahield electric fields
within the frequency range from ~100 mHz to ~10&zkBeed germination and vigour were evaluated &C20
darkness. Mycological analysis was performed usindgep-freeze blotter test. Exposure of seedadiation
with the predominance of the electrical componamd alectromagnetic radiation without domination itsf
components combined with shielding of electromagniélds with ADR TEX E+ADR TEX and EM+ADR
TEX) increased seed germination energy and gerinimagpacity compared to these treatments withimietding
and control. The percentage of abnormal diseasadlisgs in treatments with shielding of electrometgnfields
with ADR TEX (E+ADR TEX, EM+ADR TEX andM+ADR TEX) was significantly lower than in the treaénts
without shielding and in control. None of the treents affected seed vigour. Generally, exposurgeefls to
electromagnetic radiation did not influence thedeace of fungi.
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Introduction

Nowadays, searching for new non-chemical methodsplaht protection against
pathogens, including seed treatments, is a maftgreat importance in agriculture. A lot
attention has been paid to physical methods. Tieyude i.a. exposure of seeds to static
magnetic field, electromagnetic field, gamma radimgt X-rays, UV-radiation, microwave
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and electron paramagnetic resonance [1]. Theseoaethre environmentally friendly and
safe for the applicator.

Electromagnetic fields are produced by permanengneis, electrical appliances,
power lines, electric wiring and also by naturaluees such as the Sun [2].
The electromagnetic field consists of two interteticomponents - electric and magnetic.
Dannehl [3] reported that both magnetic and elediglds are the physical factors that
improve seed quality. The positive impacts of thiéslels include better seed germination,
seedling growth and higher yields. It has been dotiat seedlings obtained from treated
seeds are more resistant to unfavourable envirotaheonditions [4]. However, Das and
Bhattacharya [2] showed that high electric field lsanegative effect on the growth of gram
(Cicer arietinumL.) roots.

In general, there is lack of data concerning thepaioh of low frequency
electromagnetic fields on seed quality. Jedlickalef5] found that 50 Hz electromagnetic
fields with the induction of 20, 40 and 60 mT ahd exposure time of 20 minutes a day
had a stimulatory effect on seed germination, pipotvth and size of tomato fruits. Hasan
et al. [6] conducted in laboratory a simulation ofagnetic field of 400 kV high voltage
transmission line. Authors evaluated the growthmafize plants which were inserted far
away from the magnetic field and plants exposedntgnetic fields of 0.045 mT and
0.084 mT. Magnetic field had a negative influencetloe maize growth. Different results
were obtained by Bhattacharya and Barman [7] whdist the impact of high voltage
lines on the growth of mustard. Authors found ttiet plant growth and pod numbers per
plant were higher in exposed plants compared teaxposed ones.

Rochalskaet al. [8] claimed that pre-sowing stimulation wifté Hz alternating
magnetic field with induction 5 mT had a positivélience on wheat seed germination.
On the other hand, Balakhnina et al. [9] did nosesle the effect of exposure of wheat
seeds to magnetic field strength of 30 mT and 50ftéjuency for 30s on their
germination and seedling growth processes, but fineyd that plant antioxidant potential
under soil hypoxia was increased.

Vashisth et al. [10] reported that exposure of tmnseeds to 100 mT static magnetic
field for 30 min resulted in the enhancement ofdsgermination and vigour and in the
increase in seedling length and dry weight. Simiésults obtained Hozayn et al. [11] in
case of onion seeds exposed to 0.06 T magnelicféie 30 min. The treatment improved
seed germination percentage, germination rate,dsgeemination index and seedling
growth parameters.

Grzesik et al. [12] showed the additive role of geal radio frequency (PRF) in
breaking dormancy of apple seeds cv. Ligol. Theosype of seeds for 1 h to PRF (25 V,
4 Hz, 20 ms) during their stratification increasty@ percentage and dynamics of seed
germination as well as dynamics of seedling growth.

There is lack of data to explain the effects @cbbmagnetic fields on pathogenic
fungi colonizing seeds.

The aim of the study was to determine the effecélettromagnetic fields and their
shielding on germination and vigour of carrot semls their infestation with fungi.
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Material and methods

Material

Carrot Paucus carota L.) seeds cv. Amsterdam were used in the expetimen
They were subjected to electromagnetic fields eahitby a specially designed device
(EM emitter) as shown in Figure 1.

The device emitting electromagnetic fields is cosgmbof 3 spiral coils, constructed
using a glass-epoxy laminate coated with coppen(@)) which is used for printed circuits.
The coils are placed directly behind the upper whthe housing which is made of plastic
and connected by electrical wires. The wiring dgagris shown in Figure 1, the electrical
wires are separated from the coils at a distancabofit 5 cm. The distance between the
coils is 15 cm. The electricity receiver is a 57Halogen bulb, which was placed in the
lamp outside the casing of the device, within a fewwters distance to minimize the
influence of thermal radiation of the bulb on tested object. A black shade on the lamp
protected against light exiting to the outside @&agossible influence on the experiment’s
objects.

Three sectors were separated on the device. Tlifesedit types of electromagnetic
fields were produced. They were marked as "E" -eeatas emitting electromagnetic
radiation with the predominance of the electricamponent, "EM" - a sector emitting
electromagnetic radiation without domination of égmponents and "M" - a sector with
a predominance of magnetic component. The methodrating the predominance of
electric €) and magnetic fieldM) is shown in the diagram (Fig. 1). When the buglbitj
between the bulb and zero (neutral) there is aggnéithnce of magnetic field), between
the lit bulb and the phase (live) there is electind magnetic, where the antenna is
connected only to the phase (live) then therepgedominance of electric fieldE).

E EM M

80 mm

80 mm

v
57W
® zero
~230V
phase

Fig. 1. Schematic diagram of the equipment usethénapplication of electromagnetic fields (EMF):
E - electromagnetic field with the predominancehsf €lectrical componen) - electromagnetic
field with a predominance of magnetic componeBl - electromagnetic field without
domination of its components
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Petri dishes with seeds were placed individualljtiea mentioned sectors, emitting
differential electromagnetic fields. Specific vaduef field components generated by the
device are shown in Tables 1.

Table 1
Values of the intensity of electromagnetic fieldsasured 13 mm above the field generating device.
Measurements were made using Maschek E-100. Tideg@erating device was loaded with 57 W receiver

Components Sector E Sector EM Sector M
SEV-m] 2290 2330 136
SM [uT] 0.073 4.880 4.710

SE - electrical componengM - magnetic component, Sector E - a sector emittiegtromagnetic field with the
predominance of the electrical component, Sector-EBMector emitting electromagnetic field withdotnination

of its components, Sector M - a sector emittingctetenagnetic field with a predominance of magnetic
component
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Fig. 2. a) Scanning electron microscopy image frhature of a ceramic matrix (pressupes 20 MPa,
temperaturel, = 1100°C); b) Frequency dependence of dielectric lossstahthe composite
shield at 16C and relative humidity of 60 %

For comparison, the quality of carrot seeds ina@scE, EM and M of the field
generating device, after its accurate wrapping witielding material ADR TEX was
evaluated. ADR TEX has been developed and patditafosinski [13, 14], a co-author
of this paper. He has designed an advanced temiyblased on a nanocomposite in which
the electric component of the electromagnetic taatiais absorbed by water dispersed in
a dielectric matrix in various ways. As the freqcies of the dielectric absorption bands of
water are determined by its state of aggregatiam @, an ice-like behaviour of water has
been engineered by nanopore confinement. The addadielectric compositeonsists of
a polymer or ceramic matrix in which water is ramip dispersed in various ways.
The composite exhibits high dielectric absorptiorthie low-frequency range and does not
need grounding. The shielding ability of the conifgsan be tailored to various
applications by selecting an appropriate microstmecfor the dielectric matrix (varying the
pore sizes by processing conditions or choosingacheristic properties) and by loading
with agueous solutions of various hydrated saltd anodifiers. The composites exhibit
high dielectric absorption and shield electric deelwithin the frequency range from
~100 mHz to ~100 kHz. The electric field strengiim ®e decreased by about two orders of
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magnitude, and the harmful effects of the eleadmponent of electromagnetic fields on
the living organisms can be lowered considerably.

Figure 2a shows an example of the topography ofransic matrix. The frequency
dependence of dielectric absorption of the matmypregnated with the aqueous solution
containing MgCJ and modifiers is presented in Figure 2b.

An example of the shielding efficiency of such exible EMF screen, composed of
an active part consisting of a composii¢h a dielectric matrix made from a selected fabri
inserted between two protective layers, is shownFigure 2. Comparing the field
distributions shown in Figure 3a) and 3b) one daseove that the electric field shielding is
highly efficient.
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Fig. 3. a) Spatial distribution of electric fieldar an electric source without shielding; b) elecfield
distribution over the same electric source aftélding with a flexible dielectric screening

Specific values of field components generated leydévice after shielding with ADR
TEX screen, in particular sectors are shown in @ &bl

Table 2
Values of the intensity of electromagnetic fieldsasured 13 mm above the field generating deviee sifielding
with ADR TEX. Measurements were made using Mas&hdkO0. The field generating device was loaded with
57 W receiver

Components Sector E Sector EM Sector M
SE[V-mT] 215 207 185
SM [uT] 0.141 5.110 5.140

For explanations see Table 1

Methods

Seed germination was tested according to ISTA R{igs, in each treatment
300 seeds (six 50 seed replicates) were evalu&edds were placed in Petri dishes
(50 seeds per dish), on 6 layers of blotter papsEstened with distilled water. Petri dishes
with seeds were incubated at 20 °C in darknessy Weee placed directly on the top of the
device emitting electromagnetic fields. Germinatarergy was evaluated after 7 days of
incubation, whereas germination capacity, the gretages of abnormal diseased seedlings,
abnormal deformed seedlings, fresh seeds and deal$ svere determined after 14 days.
Additionally the percentage of germinating sed8lg.{ was calculated on the base of seed
vigour test.
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Seed vigour evaluation was also conducted in sixsB8d replicates. The test
conditions were the same like in the previous t@strminating seeds were counted daily
and removed from the plate, until no new germs amuk Seeds with the radicle at least
1 mm long were considered as germinating. Basedlmained results the speed and
uniformity of germination i.e.Tyo - time to 10 % 0fGny T75 - time to 75 % 0fGax
MGT - mean germination timeJ;s.,5s- time between 25 and 75 % Gf,.« were calculated
according to Joosen et al. [16].

Mycological analysis was performed using a deepzfieeblotter test. In each treatment
200 seeds (four replicates of 50 seeds) were gealudihey were placed in 9 cm diameter
Petri dishes on six layers of blotter moistenechvdtstilled water, 20 seeds per dish.
The seeds were incubated for three days at 20 “darkness, next frozen at —20 °C for
24 h, and then incubated at 20 °C under 12 h altiexgp cycles of NUV (Near Ultraviolet)
light and darkness. During incubation Petri disivth seeds were placed on the top of the
device emitting electromagnetic fields. Fungi watentified on the base of their growth
and sporulation using a stereomicroscope and a @ontgp microscope [17-19].
The percentages of seeds infested with individuadif were determined.

The results obtained were evaluated by one-wayysisabf variance followed by
Duncan’s multiple range test, at a leveE 0.05. Parameters characterising seed vigour
were calculated using Germinator software [16].

Results

Untreated seeds were characterized by low gerromatpacity and high percentages
of abnormal diseased seedlings and dead seeds.wiéreyinfested to a large extent with
fungi, especiallyAlternaria alternata (Fr.) Keissler Alternaria radicina Meier, Drechsler
& E.D. Eddy andFusarium spp. MoreoverAlternaria dauci (J.G. Kuhn) J.W. Groves &
Skolko, Drechslera spp., Epicoccum nigrum (Link) and Stemphylium botryosum Wallr.
were detected (Table 3).

Table 3
Effects of electromagnetic fields on the seed tafigen with fungi (the percentage of infested sgeds

T Alternaria | Alternaria | Alternaria | Drechslera | Epicoccum | Fusarium | Stemphylium
reatments . - .
alternata dauci radicina spp. nigrum Spp. botryosum
C 985 a| 8.0 al 720 b 0 a 215 c 585 J|a 1.0 a
E 990 a| 85 a| 775 b 35 h 140 bhc 620 |a 25 a
E+ADRTEX|98.0 a | 100 a| 82.0 b 2.0 k 12.0 c 670 |a 4.0 a
EM 995 a| 85 a| 745 b 1.0 apb 155 bc 640 |a 2.0 a
EN_II_+EA>‘<DR 990 a| 8.0 a| 795 b 15 ab 9.0 ab  65.0 |a 15 a
M 96.0 a| 9.0 al| 600 4 35 [ 16.5 c 640 |a 1.0 a
M+ADR TEX| 955 a | 75 a| 775 b 35 ( 5.0 na 630 |a 4.0 a

Means in columns followed by the same letters aresignificantly different atx = 0.05 level according to
Duncan’s test. C - untreated seeffs,- electromagnetic radiation with the predominaréethe electrical
componentE+ADR TEX - electromagnetic field with the predonmica of the electrical component shielded with
ADR TEX screen, EM - electromagnetic field without domination of itscomponents,
EM+ADR TEX - electromagnetic field without dominati@f its components shielded with ADR TEX screen,
M - electromagnetic field with a predominance of metgg componentI+ADR TEX - electromagnetic field with

a predominance of magnetic component shielded AltR TEX screen
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The percentage of germinating see.) in E+ADR TEX and M+ADR TEX
treatments was significantly lower than in contiekposure to electromagnetic radiation
with the predominance of the electrical component alectromagnetic radiation without
domination of its components combined with the Igligy of electromagnetic fields by
means of ADR TEX screefe¢ ADR TEX andEM+ADR TEX) resulted in an increase in
seed germination energy and germination capacitypeoed to these treatments without
shielding and control. The improvement of germiovatapacity was observed also in case
of seeds subjected to electromagnetic radiatich thie predominance of the electrical
componentE). All treatments in which shielding was applieel E+ADR TEX, EM+ADR
TEX andM+ADR TEX decreased the percentage of abnormal slisbseedlings compared
to control. At the same time the number of thesalkrgs in treatments with shielding of
electromagnetic fields with ADR TEX screen was ffigantly lower than in the treatments
without shielding. The highest seed germinationrgyn@nd germination capacity and the
lowest percentage of abnormal diseased seedlings feand inE+ADR TEX treatment.
Exposure of seeds to electromagnetic radiationndidaffect the percentages of abnormal
deformed seedlings and dead seeds. ®RADR TEX treatment increased the percentage
of fresh seeds compared to control (Table 4).

Table 4
Effects of electromagnetic fields on seed gernimat
Germination | Germination Abnormal Abnormal Fresh Dead
Grnax . diseased | deformed
Treatments [%)] energy capacity seedlings | seedlings seeds seeds
0, 0, 0, 0,
(%] (%] (%] (%] [%] [%]
C 822 b| 433 b 45.0 a 34.3 c 0 a 23 |ab 183 a
E 80.7 b 50.7 a-c 54.7 bq 31.0 9 1.0 a 1.0 a 123 a
E+ADRTEX | 723 a| 617 d 63.7 d 13.3 ;] 0 a 2.7 |ab 20.3|] a
EM 85.0 b 46.0 ab 48.7 ah) 30.0 c 0 a 1.0 a 17.7] a
BN 823 b| 577 cd| 597 od 213 b 03 |a 23 |ab 163 a
M 78.7 ab| 47.0 ab 47.3 ab 30.3 1.0 R 40 |bc 17.3| a
M+ADR TEX| 70.3 a| 53.0 bc 53.3 a-¢  19.3 b 0.3 a 7.7 |c 193 a

Means in columns followed by the same letters aesignificantly different atx = 0.05 level according to
Duncan’s testGnax - the percentage of germinating seeds. For ottigaeations see Table 3

Table 5
Effects of electromagnetic fields on seed vigour
Uniformity of
Treatments Speed of germination [days] ger[rgg;as?on
TlC T75 MGT U75,25

C 1.97 a 3.67 a 3.20 a 1.30 a
E 2.06 a 3.69 a 3.23 a 1.24 a
E+ADR TEX 2.05 a 3.49 a 3.10 a 1.10 a
EM 2.06 a 3.47 a 3.13 a 1.09 a
EM+ADR TEX 1.94 a 3.54 a 3.12 a 124 a
M 1.97 a 3.51 a 3.13 a 1.20 a
M+ADR TEX 1.93 a 3.48 a 4.55 a 1.20 a

Means in columns followed by the same letters aesignificantly different aix = 0.05 level according to
Duncan’s testTy - time to 10 % 0fGnax T7s - time to 75 % 0fGnax MGT - mean germination timé);s ,s- time
between 25 and 75 % Gf,ax For other explanations see Table 3
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None of the treatments affected seed vigour i.eedfl1o, T75, MGT) and uniformity
(Uss29 of germination (Table 4). Exposure of seeds ttebmagnetic radiation did not
influence the incidence o&. alternata, A. dauci, Fusarium spp.and S. botryosum. Seed
infestation with A. radicina decreased only after exposure of seeds to fielth wi
a predominance of magnetic componént,compared to control. The percentage of seeds
infested withE. nigrum was reduced aftéeeM+ADR TEX andM+ADR TEX treatments.

On the other hand, seeds exposed to electromagmaeliation with the predominance of
the electrical component and to electromagnetild figith a predominance of magnetic
component with and without shielding,(E+ADR TEX, M, M+ADR TEX) were infested
with Drechdera spp. to a higher degree than untreated seedse(babl

Discussion

It has been found in the present investigation #wgiosure of carrot seeds to
electromagnetic radiation with the predominance tbé electrical component and
electromagnetic radiation without domination of ¢mponents combined with shielding
of electromagnetic fields with ADR TEX screeBHADR TEX and EM+ADR TEX)
increased seed germination energy and germinadipacity compared to these treatments
without shielding and to untreated seeds. Shigldiecreased the electric field strength in
sectors E and EM of the device emitting electrometig fields over ten times, respectively
from 2290 to 215 V - m and from 2330 to 207 V - T Hence, harmful effects of the
electric component on seeds were lowered consijefabs and Bhattacharya [2] reported
that the application of electric field of 150 k\i'on gram seeds for 20 min decreased the
root length by 14 % compared to control. With theréase of electric field strength the
root growth was reduced further. Dorna et al. [R@fstigated the effect of a permanent
magnetic field together with shielding of an aleting electric field with ADR-4
(Advanced Dielectric Radiation Trap) on seed geatiim of two carrot cultivars
Nantejska and Perfekcja. They found that ADR-4 wrpd germination capacity of seeds
in both cultivars compared to untreated seeds. &acand Creanga [21] observed
an acceleration of the plant growth and root dgualent as well as stimulation of protein
synthesis afte€ucurbita pepo seeds’ exposure to low frequency electromagfietit.

All treatments in which shielding was applied B2:ADR TEX, EM+ADR TEX and
M+ADR TEX decreased the percentage of abnormal skskaeedlings compared to
control and the treatments without shielding. Doebhal. [20] also observed the reduction
in the percentage of diseased seedlings in twootaultivars and the decrease in the
percentage of dead seeds in cultivar Nantejska stfielding of an alternating electric field
with ADR-4. It has been found in our study that trse of ADR TEX screen increased the
magnetic field strength in all sectors to some mtxtAnyway, the values of magnetic field
induction were very low and ranged from 0.141 tb4B. uT. Weak magnetic field does not
cause thermal effects, it has too low energy teer#tie temperature of the object. However,
non-thermal effects can stimulate in cells prot@imsynthesis of “stress response” similar
to response to heat or other physical stresses &@2jbrangi et al. [23] found Zea mays
L., after pre-sowing stimulation of seeds with ertely low frequency electromagnetic
fields, an increase in activity of stress enzymggperoxide dismutase (SOD), catalase
(CAT) and ascorbate peroxidase (APX) in root andoshissuses. The decrease in the
number of diseased seedlings may indicate activatidstress response” in seedlings after
their exposure to electromagnetic fields what pbbjpgrovided some protection against
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infection caused by pathogenic fungi. Shabrangilef24] observed a positive effect of
electromagnetic field on maize seed germinationmnm@etion of seeds treated with 3 and
10 mT for 4 h was higher by 33.3 and 21 % respeltjvin comparison with control.
Authors observed also the increase of protein critel4 days seedlings after pre-sowing
treatment with 3 mT. They suggested that proteicuawlation may be related to the
synthesis of stress tolerance proteins and aliewiaif stress conditions. Krolicka et al. [25]
presume that ADR-4 through its influence on watetransformed callus culture &mmi
majus L. stimulated the plant’s defence system that teduh an increase of coumarin and
furanocoumarin production.

Generally, exposure of seeds to electromagneti¢atiad did not influence the
incidence of fungi. Examined carrot seeds weresiefé to a large extent with fungi. From
among pathogens or potential pathogAhsernaria dauci, A. radicina and Fusarium spp.
were detected. The percentages of seeds infestbdAwradicina and Fusarium spp. in
control were 72.0 and 58.5 %, respectively. Suarerge infection probably resulted in
a high infection of inner tissues. In this caseoatwl of pathogens is very difficult.
Infection byA. radicina was reduced to some extent only after exposureeds to field
with a predominance of magnetic componewj. (It may indicate a stronger effect of the
magnetic field than the electric one on the devmlept of this fungus. According to Afzal
et al. [26] static or alternating magnetic fieldsaynhave positive impacts on seed
germination, a plant growth and yield and they a#so reduce negative effects of fungi
infection. However, the influence of alternating gnatic field depends on its intensity,
time of exposure and plant species. Out of pos#ifects Grabowska et al. [27] mentioned
an acceleration of seed germination, an increasgeld and chlorophyll content, whereas
negative impacts may include a slowdown of seedngetion, deterioration of seed
quality, decrease of dynamic and static moduletielas a yield decrease, as well as
lowering the survivability in field conditions.

In the present experiment the applied low frequeziegtromagnetic fields without and
with shielding with ADR TEX screen did not influencarrot seed vigour. So far much
research has been devoted to investigating theteffenagnetic fields on the speed of seed
germination. The intensity of the applied magnéitidds and the time of seed exposure
varied greatly. In general, magnetic fields speedgiedeed germination. Dorna et al. [20]
reported that carrot seeds of cv. Perfekcja exptsadagnetic field germinated faster than
untreated seeds, whereas in case of cv. Nantejsledag in seed germination was noted.
The authors did not observe either the effect ofRAMD on the speed and uniformity of
carrot seed germination. Zardzewialy et al. [28)rfd that sugar beet seeds exposed to
magnetic field induction of 40 mT and 50 Hz fregew for 60 s germinated significantly
faster than control seeds. According to Podlesra. §29] seeds stimulated with magnetic
field imbibe and germinate faster than untreatedsabecause of more advanced enzyme
activity. Seedlings grown from stimulated seedslpoe longer sprouts and roots and often
have better vigourRPietruszewskat al. [22] reported that the mechanism of infliend
electromagnetic fields on plants is still unknowrd gositive effect on the percentage of
seed germination, germination rate and the grop#ied is temporary and impermanent.

Conclusions

1. Exposure of seeds to electromagnetic radiatioh thi¢ predominance of the electrical
component and electromagnetic radiation without idation of its components
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combined with shielding of electromagnetic fieldsithw ADR TEX screen
(E+ADR TEX and EM+ADR TEX) increased seed germination energy and
germination capacity compared to these treatmeitt®ut shielding and control.

2. All treatments in which shielding was applied E8:ADR TEX, EM+ADR TEX and
M+ADR TEX decreased the percentage of abnormal sksbaeedlings compared to
the treatments without shielding and control.

3. None of the treatments affected seed vigour.

4. Generally, exposure of seeds to electromagnetidatiad did not influence the
incidence of fungi.
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