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ABSTRACT

The efficiency of week ELF (extremdy low frequency) EMF on living systems can be explained by taking
into account the nongtationary processes that arise when ions pass part of the intermembrane distance
during the EMF period. The periodic movement of ions in the heterogeneous medium would result in the
nonlinear effects influencing the ionic strength and pH near the membrane and the release of some
peripherd proteins to the water phase. Based on this notion, we studied the effects of EMF trestment (30
or 50 Hz, 30 mT) at different stages of imbibition of whesat seeds. The treatment a the stage of activation
of esterasesincreased the leakage of the products of esterase reac- tion with itsfollowing retardation,
which contrasts to the linear kinetics for untreated seeds and for seeds treated at earlier stages. The
trestment also led to ardiableincrease in pH near the embryo surface. When the whest seeds with
germinability of 50% were tregted at the stage of root formation, a Sg-nificant increase in the number of
seeds with roots was observed. The sprout length reliably increased after this treatment with respect to
seeds treated |ater and untreated seeds. In the latter case, the number of seeds with sprouts increased only.
Long trestment of seeds during the second day of imbibition reduced the length of sprouts. The observed
effects are discussed on the basis of this proposed mechanism.

* Corresponding author.

INTRODUCTION



The question on mechanisms of non-thermd effects of extremey low fre-quency eectromagnetic fieds
(ELF-EMF) on various processes in organisms oc-cupies a prominent place in the genera problem of the
interaction of EMF with living sysems. The urgency of this question is determined by the fact thet this
frequency range includes indugtria frequencies, the intengities of which in large cities are severd orders of
magnitude higher than in the countryside. Furthermore, this range of EMF includes the frequencies of
geomagnetic and cosmophysicd fluctuations, which have numerous effects on biologica systems and even
on so-cid phenomena (1-4). This EMF range includes the modulation frequencies that markedly enhance
the action of high frequencies on the organism (5). Despite ample data regarding the biologica effects of
ELF-EMF (1-4), ther interpretation and even the obtained results are il the matter of discussion. Thisis
caused, firgt of dl, by the uncertainty about the mechanisms by which the low energy of EMF is transduced
within the cdl. These mechanisms should provide an explanation not only for the possibility of the
biologicdly significant response to EMF, but dso the unusud pettern of relationships that is obtained. The
latter is particularly reevant to the mechanism that determined the specificity of the effects of geomag-netic
and cosmophysica fluctuations, dthough high-amplitude treatments do not necessarily lead to smilar
results. Such relationships are generaly characteristic of the EMF effectsin organisms, with absence of
proportiona relation to field intensity and even with the enhancement of biological effect upon the decrease
of fidd intengty (1-4). The dissolving of this paradox would be of principa sig-nificance for the genera
problem of interaction of EMF with living systems, be-cause the energy of thisinteraction for extremely low
frequencies of EMF is par-ticularly smdl.

To explain such dependencies of EMF effectsin organisms, it is necessary, on the one hand, that the cells
possess the mechanisms that ensure the enhance-ment of weak trestments by means of various nonlinear
processes as well as con-centrating them on cdll structures with ahigh sengtivity to such effects. On the
other hand, the cell should be the site of processes which would be able to restrict or reduce the influence
of EMF upon the increase in EMF intengity. These tasks have not been solved in models, that related the
effects of EMF with their actions on certain characteristics of membranes (6,7).

Other possihilities arise when one considers the nonstationary processes evoked by dternating EMF
within the cdl and membrane boundary layer, when the ions driven by dectric fidds, induced ingde the cdll,
pass only a part of an intermembrane distance during an oscillation period of EMF. Such conditions are, in

particular, fulfilled for fidds and frequencies of geomagnetic fluctuations. By considering the mohility of K*
inwater a 18° C[| = 64.4 10* cmnf mol™ (8)], we obtained the result that for the frequencies, typicd

of such fluctuations, f = 0.1 Hz and lower, and fidld intensity in the range of 1-10 VV/m, K™ ions would
cover adistance of about 1 nm during the period of oscillation; this distance is comparable but somewhat
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less than the cdll dimensions. According to this view, the values of V/m during an oscillation period for the
industria frequencies should be approximately three orders of magnitude higher, which is on the whole
congs-tent with the published data on biological effects of such fields (4). In this case, the periodic
movement of ions in a heterogeneous intracellular medium would result in different nonlinear effects and
edtablish ion concentration gradients in the interfacia layer near the membrane. The formation of such
gradientsis facilitated because of the devated viscosity of this layer and the existence of additiona dect-
rodtatic interactions within it. In addition, because of the transmembrane selective ion exchange (with an

account of the large difference in concentrations of Na', K*, and Ca* on different sides from the
membrane) the pH can aso change in this layer. Furthermore, these effects are specific for weak ELF-
EMF (9}. Inther turn, changesin theinterfaciad membrane layer would affect the trangtions of weakly
bound peripherd proteinsinto water or backward. Because the number of freedom degrees increases
upon the transfer to water of certain groups of protein macromolecules, having the dynamic structure in
water, these trangtions must be associated with little change in free energy (10,11). The rdatively long
influence during the period of ELF-EMF compared with higher frequencies must promote overcoming of
the activation barrier for such trangtions. In particular, the dura- tion of influence of ions on eectrodetic
interactions between peripheral proteins and the membrane apparently determines the specificity of Ca*
effects on cellular processes, because the binding constant with membrane is much higher for Ca* than for
Mg (11).

It is known that many peripherd proteins are bound to the membrane by only eectrogtatic interactions and
that the release of such proteins to water can be caused by the elevation of ionic srength of the solution to
0.15M NaCl (12) or by achangein pH by afraction of aunit. For example, the increase in pH by 0.5 unit
can gimulate cell divison (13); furthermore, some stages of cdll divison continue despite the inhibition of
biosynthetic processes (14), which indicates that the structures involved at these stages have been formerly
present in the bound state. The trangitions of proteins to the cytoplasm under various treatments dlow an
explanation for numerous data concerning changes in cytoplasm viscosity, light scattering, and ditribution
of dyesin the cdlls (11), which occur upon activation of amost any metabolic process (15,16). Thereis
evidence that various wesk trestments, including pulse ELF-EMF (17), induce the release of bound
proteins. A number of other examples demondirating the sengtivity of such transitions to various wesk
treatments were cited in (11,12,18).

At the same time, in the externa EMF of higher intengties, ions have enough time to cover dl of the
distance between the membranes. In this case, the steady- state distribution of the induced voltagesis
established, according to the resis- tances of the circuit ssgments. Then, dmost the entire voltage drop



induced by the externd field would occur acrass the membrane, where it would condtitute only asmal
fraction of the intrindc membrane noise. Conversdly, for the nongta-tionary case of week fields, the voltage
induced by the externd fidld is digtributed over the cell volume and its relaive portion is subgtantidly higher
than a the membrane. Moreover, the voltage drop is not of mgor importance; more significant isthe fact
that the conductance of intracdllular solution is higher than the membrane conductance; this would cause a
notable effect on theion flow even &t low fields.

Thus, condderation of the non-stationary processes, related to ion movement in the intermembrane space,
provides an gpproach to eucidation of mechanisms that underlie the unusua dependence of biologica
effectson the intensity of EMF. The appearance of such effects would depend not on the amplitude but on
the ratio between amplitude and frequency of EMF, when extremely low frequencies are combined with
the very low amplitude of the fidd. Trangtions of proteins from bound to the free state or backward and
changesin intracellular pH may serve as factors that are particularly sengtive to ELF-EMF. The
experimenta verification of the above congderations was the aim of this study.

It should be taken into account thet the results of the experiment substantially depend on the choice of
object. The extent of the anticipated effect may depend on the physiological conditions, which is not easily
controlled. Within the cell, alarge set of various processes takes place, and these processes may
oppositely change under EMF treatment. There are other uncontrolled wesk treatments, etc., which reduce
the reproducibility and reliability of the results.

Basad on these condderations and having in mind to sudy the effects of ELF- EMF, we used wheat seeds
at the stage of their imbibition and early stages of germination. Seeds were chosen because their trangtion
from dormancy to germi- nation a early Sagesis unidirectiona -- during this trangtion, various structures
are released and this process is associated with a certain sequence of events: firg, roots are formed and,
next, the sprouts appear (19). Therefore, by adjusting the time of EMF trestment, it is possible, in principle,
to sdlectively affect different reponses. Inturn, different sengtivities of various processesto EMF
trestment during imbibition and germination of seeds, permit differentia measurements, which devatesthe
reliability of the detection of responses that are specific for EMF. The rdigbility of detection increasesif
severd parameters are measured and compared. Such parametersinclude pH changes near the surface of
em- bryo and in the bulk solution, the hydrolytic activity of esterases released during imbibition, the kinetics
of leakage of esterase activity products, the number of seeds with sprouts and roots, the length of sprouts,
and other, less direct biologica characteristics. Using seeds of savera wheet varieties, which differed in
germina- tion ability, these parameters were measured after EMF trestment at different stages of imbibition
and germination and compared with smilar characteristics observed on untrested seeds.



MATERIALSAND METHODS
Wheat seeds of the cultivar. Zarya with germinability of 95 and 20% and the cultivar Innawith

germinability of 80 and 50% were mainly used in this study; seeds of severa other whest varieties with
different germinability were aso used. The imbibition was performed according to the common procedure
on Petri dishes (d = 80 mm) with two layers of filter paper. All seedsin each experiment were soaked in
digtilled water in the same vessdl and before EMF treatment were di-vided on two or more (up to 6)
identical samples soaked with 10 ml of water each (trested and untrested seeds). The samplesin different
types of experiments contained either 10 or 20 seeds each digposed compactly in the random orientation in
the center of the disk. At different time after soaking, the test sample was exposed to low-frequency
rotating magnetic fieddd (MF) for 7, 10, or 15 min. A MM-5 magnetic stirrer was used as a source of MF.
The dish was usudly placed on the surface of a dtirrer, and in some experiments the dish hung at a different
distances above the stirrer. The highest amplitude of MF &t the level of asample was 30 mT + 20% (peak
to peak) at afrequency of 30-33 Hz; the oscillations were close to a sne wave. MF was measured from
the induced voltage in the coil as compared with the standard sample.

In other series of experiments, we used aMAG-30- 3 device (Instrumenta Works, Elatoma, Russia)
designed for low-frequency therapy, which is used for medical purposes. The operating frequency of the
device was 50 Hz with adight contribution of the third harmonics. The highest amplitude of MF was smilar
to that of the magnetic stirrer and measured 30 mT + 20%. This device was used upon comparing the
effects of short-term (15 min) EMF treatment gpplied 17 and 24 h after soaking and the long-term EMF
treatment (during the total second day of imbibition) on processes of root and shoot formation during seed
germination. To reduce the therma effects, the device was cooled by water from outside, and an air gap of
about 2 mm was provided between the sample and the device. The highest temperature at the Site of the

sample location did not exceed 27-28° C, which isin the range of temperatures considered optimal for
wheset-seed germina-tion. A smilar temperature was maintained in the thermostat, where seeds were
placed since the second day of imbibition. To exclude possible differencesin the light regime, some
experiments were performed in the light at room temperature; these experiments gave Smilar results. Seeds
were trested with EMF in Petri dishes. Each Petri dish contained 20 seeds (this number was limited by the
re-dricted area of EMF trestment (diameter of the coil is aout 40 mm)). The numbers of seeds with roots
and sprouts, as well asthe length of sprouts were measured on the sixth day of imbibition.

The activity of esterases during the imbibition of seeds and their changes after trestment of seedswith
EMF were determined from the effectiveness of hydrolyss of nonfluorescent compound fluorescein



diacetate (FDA) to fluorescein (Fl) and the leakage of H into the medium (20). To do this, 10 seeds of test
and control samples were taken at a certain stage of imbibition and washed with water three times for the
remova of products that had lesked previoudy; after that, 3 ml water and 15 ml of 0.5% FDA solution
were added to the seeds. After 50 min, 200 i diquots were sampled for fluorescence measurements. In
addition, the kinetics of leskage of FH was measured 1 and 2 h after the first measurement.
Microfluorometric measurement were conducted on a LUMAM-13 fluores-cent microscope with aFMEL
1A photometric attachment. Fluorescence was measured from the area 150 nm in diameter. To excite
fluorescence, aKGM 9-70 lamp and SZS 21-2 and FS 1- 2 glassfilters were used. To measure
fluorescence, we used a FEU- 79 photomultiplier and an interference filter with pesk tranamit-tance at 520
nm and hdf-band width of 12 nm.

Changesin pH near the seed embryo during imbibition were measured using a glass-insulaed antimony
microd ectrode with atip diameter of 10-20 nm; seeds were placed into the same solution where imbibition
proceeded. The microelec-trode was positioned using KM-2 micromanipulator; the position was
controlled under microscope (21). Thetip of the microdectrode was placed at a distance of 5-10 nmfrom
the embryo surface, which alowed detection of local changes that gppeared earlier than did changesin the
bulk solution. Some experiments were performed on individua seeds during the whole period of imbibition.
In other experiments, we measured both the loca pH and the «bulks» pH values; the bulk pH was
measured at a distance of about 5 mm from the embryo. In these measurements, the effect of EMF
treatment was eva uated from the gradient, DpH between loca and bulk pH vaues and difference between
treated and untreated seeds. With this gpproach, we could markedly increase the statistics of measure-
ments, as compared to experiments on individua seeds during the whole period of their imbibition.

Statidica treatment of results was performed using Statgraphics software and p Student’ s test.

RESULTS
Effect of EMF Treatment on Activation of Esterases
Ederase Activity

We anticipated that the activity of esterasesin imbibing wheat would appear at a certain stage of
imbibition, when asufficient level of hydration is reached within the cell and the enzymes are able to transfer
from the bound to the free state with an accompanying increase in their activity. It can be also anticipated
that at this stage, the sengtivity of this process to EMF trestment would increase. This phenomenaindeed
took place for the seeds of cv. Zaryawith 95% germinability (Fig. 1A). Each point on the curvesin Figure



1 represents an individ-ua experiment. Measurements of the leakage of H released after hydrolysis of
FDA showed thet at the beginning imbibition (up to 6--8 h) of control (un- treated) seeds, no significant
changesin Fl leakage occurred. At later stages, we observed a sharp increase in the amount of Fl released
to the external medium; the peek of the leakage was noticed between 15 and 18 h from the beginning of
imbibition. After the pesk, the rate of Fl release decreased to about theinitid leve (Fig. 1A).
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Figure 1. Leakage of fluorescein from wheat seeds of the cultivar. Zaryawith high (A) and low (B) germinability at

different stages of seed imbibition under control conditions (- ) and after 7-min treatment of seeds with ELF EMF (D).

Each stage of manifestation of esterase activity corresponds to quditatively distinct differencesin the
sengtivity of this activity to 7-min EMF treatment of seeds on a magnetic stirrer MM-5. The largest effects
of EMF on seeds with high germinability were noted at the stage of activation of esterases, a atime near
the pesk of esterase activity; in this case the effect reached the factor of two, athough the variability of data
in different experiments was quite large. After 11 h of imbibition a pronounced response to EMF treatment
was noticed in al experiments, whereas EMF had little effect on the leskage of hydrolyss products after
17—18 h, when the esterase activity decreased (Fig. 1A).

In seeds of the cultivar Zaryawith 20% germinability, we observed a different pattern of esterase activity
(Fig. 1B). In this case, after ahigh initia rate of hydrolytic reactions, caused gpparently by the release of
enzymes and the reaction products from damaged cells, a decrease in the rate of hydrolysis occurred, Smi-



larly to seeds of thefirst group, but 10--12 h later, these seeds exhibited a peak of |eakage of hydrolyss
products. In these seeds, the EMF trestment either did not change or even decreased the release of Fl into
the medium (Fig. 1B).

In order to obtain additional information about the origin and features of esterase activation, we performed
comparative measurements of the effects of EMF treatment when seeds were either placed directly onthe
surface of amagnetic stirrer or hanged at a certain distance from the tirrer surface to exclude vibration. In
this series of experiments, we determined the dependence of the leakage of F on the duration of EMF
treatment and the kinetics of Fl leakage at different stages of imbibition.

In seeds of the cultivar Innawith 80% germinability (i.e., intermediate level of germinability compared with
two seed lots of cultivar. Zarya), postive effects of EMF treatment on the leskage of FDA hydrolysis
products were observed for awider range of imbibition periods, up to 24 h and even longer. Thistime
range was used for comparative studies. Data from 28 experiments, in which seeds were either placed at
the magnetic tirrer or hanged above the surface, showed that the effect of hanging congtitutes 0.64 + 0.03
of the total effect. In other 26 experi-ments, the effect of hanging the sample at distances of 1 and 2 cm
from the stirrer congtituted 0.68 = 0.05 and 0.58 + 0.05 of the total effect of EMF trestment. This
decrease can be atributed partly to weakening of the EMF amplitude. How-ever the vibration have the
some contribution. In order to additionally assess the influence of vibration, we replaced the rotating
magnet with asimilarly shaped copper brass disk. After such a replacement, we obtained the effect, which
congti-tuted 0.31 = 0.05 of the total effect. Hence, the main part of the esterase activation (at least about
two-thirds of the tota effect) was due to the action of EMF, and a smdler part was due to vibration,
athough in the latter case there was some contribution from the field created by rotating eectric motor.

Kinetics of Leakage of Esterase Activity Products

The main role of the effects of dternating EMF was proven in experiments, in which the kinetics of leskage
of FDA hydrolysis products were investigated at different stages of imbibition and upon keeping the sample
on athread above the magnetic tirrer or upon placing it directly on the Stirrer. We aso measured the
dependence of H leakage on the duration of EMF treatment. The treatment for 7 or 15 min has virtudly no
influence on the results obtained. The most complete measurements of kinetics were made for 15 min
treatment. The dataare shown in Figure 2, in which every group of curves corresponds to different hours
of imbibition. The kinetic data on the leakage of FI were compared with the leakage in control experiments,
where H leakage was measured 50 min after the end of washing of seeds from previoudy released



products; these data were taken as the origin of coordinates. Other points on curves correspond to the
difference between this quantity and the measured values of F Ieakage from untreated seeds and seeds
treated with either EMF done or with EMF plus vibration. In dl cases, firs measurements were conducted
50 min after washing and next measurements were made 1 and 2 h after the first one.

By treating with EMF, the seeds placed on or above the stirrer, we found that, despite certain quantitative
differences, the kinetics of H leskage from seeds with germinability of 80% was dmost identica for both
treatments, but they quditatively differed from the kinetics of Fl release from untreated seeds (Fig. 2). In
untrested samples, at any stage of imbibition (from 4 to 30 h) the kinetics of H release was linear. We
noted the increase in the total efflux of H and the achievement of its peak by the end of the first day of
imbibition, i.e,, a intermedi-ary times as compared to seeds with germinability of 95 and 20%. At the same
time, in both variants of treatment, the linear kinetics was only observed during 12--13 h of imbibition; later
on the kinetic pattern strikingly changed. The differ-ence between leakage of FI from treated and untreated
samplesincreased in the first measurements, but then the Fl |eakage from treated seeds decelerated in both
variants of trestment, and 2 h later, the leakage became even less than from un-treated seeds. The pattern
of such retardation was virtudly the same, when EMF trestment was gpplied aone or in combination with
vibration. These data, aswell as quditative and quantitative differences between F leak from treated and
un-treated seeds, present additiona evidencein favor of reliability of the observed effects of EMF, where
the key role seemsto belong to an electro-motive force induced by the externd magnetic fidd within the
cdl interior. The retardation of FH leakage suggests that the measured effect isinfluenced at later stages of
imbibi-tion by the state of membrane structures, which, in turn, depends on EMF treat-ment. Thisis
indirectly evidenced by the lack of microbia growth on the surface of EMFtreated old seeds, whereas
such growth normally occurs owing to the lesk of organic substances from untrested old seeds. Thelack of
microbid growth was aso observed on wheat seeds with 0% germinability, athough active growth of
microfloratook place in untreated seeds from the same lot. The effect of hedling of injuriesin membrane
structures of seeds was confirmed by a substantid increase in seed germinability and the rate of growth
(22).



A (relative units)

g?ﬂg 5 & 8
1?5-._5 ® 25@
-
- 4
o,

012 012 012
1) ® ®
m ]h 12h %
§ )
; f
=¥
&
oL 012 012

2 -
=]
S A%
Sa T
R e 2

®
B 28h
A7
=

Figure 2. Kinetics of fluorescein |eakage from wheat seeds of cultivar. Innaat different stages of imbibition under

_IT =g _1, © gm@ RITT=E==E @ ©
]
1 % Y S

time (h)

control conditions (" ) and after 15-min treatment with ELF EMF of seeds posi-tioned either on the surface of the
magnetic stirrer () or at a certain distance above the surface (N) as afunction of time from the end of seed washing. The
leakage of fluorescein was expressed in relative units. Zero corresponds to the fluorescein leakage from untreated seeds,

measured 50 min after washing out the seeds. The times of imbibition are shown on the diagrams.

10



Hence, the treatment of whesat seeds by ELF EMF at the stage corresponding to the activation of esterases
results in an obvious acceleration of the leakage of H, while weaker effects of EMF were observed at
preceding and subsequent stages. The time of the gppearance of the effect depends on the state of the
seeds and their germinability, as well as on the condition of membrane structures, whichis, in turn, affected
by EMF trestment. These data are congstent with the suggested mechanism for the action of ELF-EMF --

the release of weakly-bound proteins and their activation in agueous medium.

Effect of EMF Treatment on pH Changes near the Embryo of Wheat Seeds

Additiond information about the mechanisms underlying the effects of ELF- EMF comes from
measurements of the pH near the surface of the wheat seed em-bryo. At a certain stage of seed imbibition,
gpart from the release of bound pro-teins, pH changes occur near the embryo, which are determined by
the trandfer of protons from the surrounding medium to ensure acidification of the internd medium in seeds
(19). In our experiments, we measured the pH upon positioning of a pH-sengtive eectrode tip near the
embryo surface, outside of the seed; this positioning of the electrode excluded any possible influence of the
electrode on the processes investigated. Experiments, performed on individual seeds of the cultivar Zarya
with 95% germinability during the total period of imbibition, showed that the externd pH decreases during
the first few hours, which is presumably due to the leakage of sdts from seeds. Later on, apH increase
near the embryo was observed, which occurred first dowly and then (after one-day imbibition) showed a
sharp rise (Fig. 3). The beginning of this pH increase varied in control experi- ments for different seeds
within the time range of few hours.
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Figure 3. Kinetics of pH changes near the embryo of wheat seeds with 95% germinability (cultivar Zarya) during seed

imbibition under atypical control experiment ( 8 ) and 2 experiments with active response on 10-min treatment with EMF

of amagnetic stirrer { () and (+)}. The moment of treatment is indicated with arrow.

This process was rather sendtive to 10-min trestment of seeds with EMF during seeds imbibition.
However, the response of different seeds was not uniform because of seed heterogeneity; thus, significant
acceleration of pH changes at dif-ferent stages of imbibition was only observed in some experiments; this
accelera-tion occurred few hours after EMF treatment (Fig. 3). Therefore, to obtain more complete
information about influence of EMF treatment on the pH, subsequent experiments were performed not on
individual seed during the whole period of imbibition, but on samples consgisting of severd tens of whesat
seeds of cultivar Innawith 80% germinability. These seeds imbibed within the same volume of weater and
were divided into test and control samples prior to EMF trestment. Table 1 gives measurements of local
and bulk pH vaues on seeds that were treated with EMF for 10-min a various stages of imbibition and
continued to imbibe after the treatment (test samples) or were left untrested (control samples). The vaues
represent absolute values of pH in the bulk solution and in local regions near the embryo, the differences
between these vaues (DpH for test and control samples). The last three columns show differences between
bulk pH for treated and untreated seeds (DpH bulk), between loca pH for treated and untreated seeds
(DpH loca), and the difference between these vaues, D(DpH). Linear changes of pH with time between
control measurements were taken into account. The stant dard error of the mean was calculated separately

for two absolute pH values and for the differences between bulk values and local pH values.



Table 1 The Change of pH Near Surface of the Embryo during the Imbibition of Wheat Seeds

Timeof EMF | Timeof Number of ol Bulk ol Local DAi (Local - Bulk) Effect (experiment - control)
Treatment (h) | Measur.(h) | Seeds Control Experiment Control Experiment Control Experiment D3I Bulk Dai Local D (Dai)
5h 8h 10 (control) | 7.40+0.08 7.15+0.04 -0.25+0.06
9h 10 (exp) 7.54+0.08 7.18+0.06 -0.35£0.14 | -014+0.12 | 0.03+0.07 -0.10+£0.15
%h 13h 10(c) 6.93+0.03 7.04+.03 0.11+0.02
14h 10 (exp) 7.02+0.03 7.16+0.06 0.14+0.03 0.09+0.05 0.12+0.07 0.03:0.04
12h 16h 10(c) 6.88+0.05 7.08+0.08 0.20+£0.07
5 max 7.00+£0.02 7.28+0.05 0.36£0.10
17h 9 (exp) 6.94+0.02 7.35+0.06 0.41+0.05 -0.08+0.04 | 0.17+0.08 0.16+0.09
5 max 6.99+0.02 7.48+0.05 0.50+£0.04 -0.05£t0.04 | 0.12+0.08 0.12+0.11
18h 9 (exp) 7.03+0.03 7.51+0.07 0.48+0.06 -0.01£0.04 | 0.22+0.09 0.18+0.08
5 max 7.09£0.04 7.63+0.10 0.59+0.06 -0.02£t0.05 | 0.18£0.12 0.19+0.08
19h 10(c) 7.06+£0.03 7.39+0.06 0.34+£0.05
5 max 7.16+0.02 7.53+0.05 042+0.04
17h 19h 5(c) 029012
20h 10 (exp) 0.23+0.03 -0.07+0.15
21h 5(c) 0.32£0.09
6h 2h 10 (c) 0.62+0.04
8 max 0.63+0.05
6 max 0.68+0.06
23h 10 (exp) 0670.12 0.05£0.13
8 max 0.78+0.11 0.15+0.12
6 max 0.92+0.06 0.24+0.08
17h 22h 5(c) 7.00£0.02 7.41+0.05 0.40+0.05
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3 max 7.02+0.02 7.47+0.06 045+0.06
23h 9(exp) 7.2240.02 7.95+0.12 068:011 | 005t003 | 030+013 | 0.20+0.12
6 max 7.25:0.02 8.12+0,07 087+008 | 007+003 | 042+010 | 0.35:0.11
24h 5(c) 7.34 7.88:0.04 055005
3 max 7.34 7.93:0.04 059007
10 () 717002 7.65£0.05 048007
6 max 7.18+0.02 7.70+0.06 052+0.07
20h 25h 5(c) 7.14+0.08 7.56+0.09 0.41+0.06
3 max 7.22+0.12 7.66+0.12 053+0.09
24h 8 (exp) 7.71+0.06 8.33£0.09 062t009 | 041+008 | 049+015 | 0.08+0.12
6 max 7.77+0.05 8.47+0.09 070:011 | 041010 | 0.44+012 | -004+0.16
25h 5(c) 7.45+0,05 8.13+0.20 067021
3 max 751007 8.37+0.09 0.95+0.04
10 () 7.30£0.05 7.84+0.12 054011
6 max 7.36+0.08 8.03+0.08 074011
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It is gpparent from Table 1 that, during the first hours of imbibition, acidi- fication of the medium occurred
due to the leakage of salts and other substances from seeds. As aresult, after 8 and 9 h of imbibition, the
locd pH was lower than the bulk pH values, both in control and treated samples. No effect of EMF
treatment was observed after 9-h imbibition. Later, adight increase in pH was observed. The effect of

EMF treatment aso appeared after 12 h of imbibition. At this stage loca pH near the embryo was notably
higher than the bulk values, in both control and treated samples. The response of individua seeds on EMF
treat- ment was not uniform; thisis evident from the sdection of five seeds from the sample with the highest
loca pH in the control and treated samples (see Table 1). EMF treatment had virtually no effect on the
bulk pH, which isin contrast with its effect on loca pH. Five and six hours after the EMF treatment, the
change in pH was dready higher than the standard error of measurements, both for the total sample and for
the group with the best pronounced response, dthough the effect observed was not yet satisticdly rdiaole.
When seeds were treated with EMF after 17 h of imbibition and pH measure-ments were performed 3 h
after the treatment, no appreciable effect of EMF treat- ment was observed. EMF treatment had a weak
influence, when it was gpplied 6 h after the beginning of imbibition; this week effect was gpparent even 23 h
after the beginning of imbibition. However, in this case, the groups of eight and Sx seeds were
distinguished, which showed a stronger response to EMF trestment as compared to the control groups
with the same number of untrested seeds dis-playing the maxima difference between locd and bulk pH
vaues (Table 1).

In the next series of experiments, EMF treatment was gpplied after 17 h of imbibition, but the period of
observation was longer than in the aforementioned experiments. In this case, 23 h after the beginning of
imbibition, pH changes were observed not only near the seed embryo but dso in the bulk solution, though
the pH changes in the bulk phase were il rather smdl. At the sametime, local pH changes after EMF
trestment in Sx seeds with the highest pH vaues were 0.4 units higher than in agroup of Sx untrested
seeds; thisvaue is obvioudy higher than the threefold error of measurements (p<0,02).

Findly, measurements at 24 h after beginning of imbibition, after EMF treat-ment at 20 h, and upon
positioning seeds a a certain distance from the magnetic tirrer, revealed even more obvious changes. At
this stage, the response of seeds became more uniform and pH changes occurred both near the embryo
and in the bulk solution. In both cases, these changes exceeded 0.4 pH units and were clearly higher than
the threefold error of measurements (p<0,02 and p<0,01). It should be noted that the absolute pH vaues
after EMF treatment were dso sgnificantly higher than the control vaues, athough the measurement on a
control serieswasfulfilled 1 h later.

Hence, the short-term treatment of seeds with ELF-EMF resultsin an obvi- ous acceleration of pH



changes during germination of seeds, this acceleration occurs with adelay of afew hours after EMF
trestment. This delay might be caused by the utilization of cell-wall resources (buffer capacity) or other
reasons. The responses of individud seeds at early stages of imbibition are not uniform, but these variations
were smoothed by the end of the first day of imbibition, and amost al seeds became sengtive to EMF
treatment, including the treatment of seeds positioned above the magnetic Stirrer, without touching it.

Specificity of Effects of EMF Treatment at Different Stages of Imbibition and Germination of
Wheat Seeds.

The various nature of processes at different stages of imbibition and germina- tion of seeds should
determine the diverse efficiency of EMF treatment at these stages, including the possibility of both
stimulation and suppression of metabolic processes after such treatment. To study the possibility that EMF
may induce oppositely directed effects we used the seeds of whegt cultivar Innawith a 50% germinability.
In 50 series of experiments, seeds were treated with ELF-EMF (50 Hz, 30 mT) for 15 min after 17 h
imbibition; in 34 series, seeds were exposed to asmilar trestment after 24 h of imbibition, and in 20 series
of experiments seeds were exposed to prolonged EMF treatment during the total second day of imbibi-
tion. The data obtained were compared to the results of 59 series of exper-iments with untreated (control)
seeds. Some control experiments were common to different variants of EMF trestment, performed during
the same days.

Figure 4 shows the distribution of seeds having roots or sprouts under control conditions and after EMF
treatments. It can be seen that the number of such seedsin different experiments varied within awide
range. With an average number of about 10 sprouts out of 20 seeds placed in a Petri dish, the number of
sprouting seeds in different variants varied from 4 to 17, and the number of seeds with roots varied from 4
to 18. All seeds with sprouts had aso roots, whereas other seeds had only roots without sprouts. The
mean vaues obtained and the Satistics of data variability in control experiments and in different EMF
treatments are presented in Table 2.

16



A P(N) P(N)

12

12
10 10
8] 8l
64 6 J
4 4 J
2] 24
0l 0d
1 3 5 7 9 11 13 15 17 19 N 1 3 5 7 9 11 13 15 17 19
B P(N) P(N)
12 12
10 10
8 8
6 6
41 4
21 2 |
0d
1 3 5 7 9 11 13 15 17 19 0.
N 1 3 5 7 9 11 13 15 17 19
C P(N) P(N)
12
12
10
10
8
8
6
6
4
4
24
2 ]
04
1 3 5 7 9 11 13 15 17 19 0 d
N 1 3 5 7 9 11 13 15 17 19
N
D P(N) P(N)
12 12
10 10
8 8
6 6
2 4
24
[
04
1 3 5 7 9 11 13 15 17 19
1 3 5 7 9 11 13 15 17 19 N

N

Figure 4. Thedistribution P(N) of wheat seeds (cultivar. Inna, 50% germinability) by the number N (of total 20)

representing the seeds that gave rise to sprouts (1) or roots (1) on the sixth day of imbibition in untreated seed samples
(A), in samplestreated for 15 min with ELF-EMF after 17 h (B) and 24 h (C) of imbibition,and in seed samples exposed to
prolonged EMF treatment throughout the second day of imbibition (D).
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Table 2 The Mean Numbers of Wheat Seeds (Out of 20 Seeds) Having Sprouts and Roots in Control Samplesand in
Seeds after EMF Treatment during Different Stages of Imbibition

No of seeds Difference | No of seeds Difference
with sprouts from with roots to control
control
Control samples 859+ 0,35 - 959+ 040
17 h of imbibition 10,32+ 0.40 1,73+055 | 1230+ 0,37 271+055
(p<0,01) (p<0,01)
24 h of imbibition 1000+ 0,52 141+ 063 | 1044+ 056 0,85+ 0,68
(p<0,05)
During second day of 8,10+ 0,73 -043+ 10,05+ 0,68 0,46+ 0,79
imbibition 081

It is gpparent from Table 2 that EMF treatment after 17 h of imbibition, i.e. when root formation begins,
resultsin agatisticaly reliable increase in the number of seeds with sprouts (p<0,01) and even higher
increment in seeds with roots (p<0,01) compared with untreated seeds. EMF treatment after 24 h
imbibition had wesker effects, dthough EMF effect on sprouting was still comparable to that observed in
seeds treated afterl7 himbibition. At the same time, the effect on roots was nearly threefold weaker than
the effect observed after 17 h imbibition; it was hardly beyond the range of data scattering. Nevertheless, a
prolonged exposure of seedsto EMF at alater stage--during the second day of imbibition--has virtudly no
effect on the number of seeds with roots but caused an gppreciable, but statisticaly insignificant decreasein
the number of seeds with sprouts (Sprouts appear later than roots). The latter effect was more pronounced
(-1.30 £ 1.00), when control data were compared with the trestment data obtained on the same days
rather than to deta of al messurements.

Similar, even more pronounced trends were observed for another characteris-tic, i.e, the length of sprouts
on the 6th day of germination (Fig. 5). Because of the scatter in sprout length in different series of
experiments, dl results are presented in relative units with respect to mean values selected as reference
points for untrested seeds in each series of measurements. Data presented in Figure 5 for 17 hand 24 h
EMF treatment correspond to the results of measurements per-formed on the same days. It can be seen
that the greatest influence on the length of sprouts is exerted by EMF treatment performed after 17-h
imbibition. The ac-celerated formation of roots influenced the length of sprouts; the average length of
sprouts at this stage constituted 26.86 + 0.41 relative units compared with 19.42 + 0.41 for untrested
samples and 22.46 + 0.45 relative units for seeds treated after 24-h imbibition. The difference between
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these values far exceeds the threefold error of measurements
(p<0.01).

Hence, there isa dear simulating effect of EMF trestment when EMF was gpplied after 17 h of
imbibition; the extent of stimulation far exceeds the threefold range of data scattering for sprout lengths
(p<0,01). The effect of EMF applied after 24-h imbibition is markedly weaker; moreover, in this case we
noticed a broader digtribution of sprout lengths, which was caused by heterogeneity of seeds, differing in
the beginning time of their germination.

At the same time, the EMF treatment during the second day of imbibition, when the roots and sprouts
darted their protrusion and elongation, caused a marked suppression of growth. Comparison with control
data obtained in the same series of measurements shows that the average length of trested sprouts was
15.04+ 0.62rel. units, whereas the length of control sprouts was 19.42 + 0.59 rel. units. The difference
between these valuesis sgnificant a p < 0.01.

Thus, the trestment of wheat seeds with ELF-EMF resultsin grikingly dif-ferent effects at various stages of
imbibition and redlization of the genetic program of germinating seeds. It is obvious that the onset and
redization of this program is related to the sequentia release of various proteins from the bound state and
the interaction of the released proteins with various genes during imbibition. At these periods, the proteins
become sengitive to EMF treatment. The observed stim-ulation of growth is the result of such interactions
caused by EMF treatment. EMF trestment at the early stage of root formation eevates the number of
seeds with roots by about one-fourth, which, in turn, stimulates growth of sprouts, so that treated sprouts
become 40% longer as compared to control sprouts. These effects are less pronounced at alater stage of
growth and development, when the develop-ment of sprouts begins. In this case, EMF trestment affected
the number of seeds with sprouts and caused an increase in the average length of sprouts. In addition, the
scatter of data was high, which was presumably caused by the heterogeneity of seeds, differing in their
germinating capacity.

Finally, the suppression of sprout growth after prolonged trestment with EMF at alater stage of
germination should be noted. At this stage, the active growth of roots and sprouts occurs; this growth
proceeds viacdl eongation and cell divison; moreover, cdl divison is associated with assembling and
disassem-bling of supramolecular structures (14). The observed effect of growth suppression upon the
prolonged EMF trestment of seeds at this growth stage lent support to the notion that the effects of EMF
on the release and binding of various structures differ in their direction. On the whole, thiswould result in
the suppressive rather than simulating effect of EMF on germination of whegat seeds.
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Figure5. Thedistribution P(L) of wheat sprouts by their length L (expressed in relative units) on the sixth day of

imbibition of wheat seeds (cultivar Inna, 50% germinability) in untreated seed samples (A), in samplestreated for 15 min
with ELF-EMF after 17 h (B) and 24 h (C) of imbibition, and in seed samples exposed to prolonged EMF treatment during

the entire second day of imbibition (D).



DISCUSSION

We must first consider the reliability of the observed effects of ELF-EMF, whereupon the EMF itsdlf plays
amore significant role than vibration. The rdiabil-ity of the effects of EMF isindicated not only by
subgtantia differences between the records for trested and untreated seeds (these differences clearly
exceed the errors of measurements), but also by the various pattern of EMF effects at different stages of
imbibition and germination of wheat seeds, which is congstent with different types of biologica processes.
Thisincludes (a) different sengtivity of seedsto EMF during seed imbibition, (b) the existence of both
dimulation and inhibition of biologica processes according to their properties at different stages of
germination, (c) quditatively different kinetics of the leskage of reaction prod-ucts from untrested and
treated seeds, etc. Findly, dl ELF-EMF effects observed are, at least, not contradictory to each other, are
conggtent with the suggested mechanism of EMF action on living systems, and do not require any
additiona assumptions.

Our data show that EMF treatment enhances the esterase activity at that particular tage when cells attain
aaufficiently high degree of hydration, and the equilibrium in free energy between bound and free forms of
certain proteinsis nearly established. As aresult of such changes, esterases are released a this stage, and
even adight EMF treatment, enhanced by nonlinear effects, may stimulate the release of the enzyme. The
relation between the activation of esterases and their release from the bound state agrees with our data
about high rate of FDA hydrolyss a the initid stage of imbibition of old seeds (Fig. 1B), when theinflux of
water is accompanied by the leakage of esterases from damaged cellsto the intercellular space. It seems
likely, that the release of esterases accounts also for the appearance of the new peak of esterase activity in
old seeds. This peak appears with adday of 10-12 h as compared with seeds with high germinability,
because the formation of equilibrium conditionsin cells of old seeds would occur with a certain ddlay, after
the completion of the recovery processes. It should be noted that in seeds with intermediate levels of
germinability (Fig. 2), the pesk of H leskage was attributed to the intermediate range of imbibition times
compared with the aforementioned seed kinds.

Probably, there is an indirect relation between the release of proteins and changes in the permeghility of
membrane structures after EMF trestment a this or alater stage of imbibition. This would explain the time-
dependent retardation of Fl leakage from the cells after EMF trestment. Based on the pH measurements
data near the seed embryo, the opposite effect -- an increasein H leskage -- could be anticipated, since
theinternal seed medium is additiondly acidified (20) with a certain lag time after EMF trestment (Table 1).
The EMF-induced reduction in membrane permesbility and restoration of the barrier properties of
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damaged membranesin old seeds would redtrict the leakage of other substances that can be normaly
utilized by microflora. Thiswould aso explain the EMF-induced increase in germinability of old seeds (22),
the effect that islargely dependent on the state of membrane structures (23-25). The mechanism of EMF
effect on the barrier properties of the membrane, mediated by the release of membrane proteins and,
possibly, supramolecular structures, is actudly analogous to the ef-fect of increase in cytoplasmic viscosty.
Such an increase in viscosty is observed, for example, after injury to cell membrane caused by the insertion
of microglec-trode; the increase in viscosty of the cytoplasm is probably involved in heding of the
membranes after such an injury (15,16). It should be noted that EMF exertsiits effect on barrier properties
of the membrane at that particular stage when quasi-equilibrium conditions are established within the cell
and when the increase in the H leakage and the subsequent retardation of the H legk are evident after EMF
treatment (Fig. 2).

Morever, the effect of stimulated protein release could explain the influence of EMF trestment on the
number of seeds with roots and sprouts, aswell as on the length of sprouts, when EMF treatment was
applied at certain stages of seed imbibition. Although the beginning of these processesis not precisely
determined (only later stages associated with the appearance of roots and sprouts can be detected), it is
obvious that each of the processes sarts earlier and involves the protein that were formerly present in
seedsin their bound form. During imbibition, the proteins are released and become sensitive to EMF
treatment; further-more, different times of imbibition correspond to different effects of stimulation of root or
sprout growth. In addition to these proteins, other structures are released and facilitate the restoration of
membrane barrier properties; consequently, after EMF treatment at a stage of root formation, the number
of seeds with roots in-crease by about one-fourth. On the other hand, root growth promotes the growth of
sprouts and the increase of sprout length by 40% with respect to control sprouts. Effects of EMF treatment
were wesker, if this treetment was applied at alater stage, when the sprout formation commenced. In this
case, EMF treatment affected only the number of seeds with sprouts and caused a weaker increase of their
aver-age length; moreover, in this case, the scattering of data was rather wide, which was probably
determined by the heterogeneity of seeds differing in their germina-bility and the onset time of germination.
The latter provides an explanation for a certain, though datisticaly insgnificant, increment in the number of
seeds with roots after EMF trestment at this stage.

The proposed mechanism of EMF action underlies the phenomenon of the suppression of sprout growth
during prolonged trestment of EMF &t alater stage, i.e., during the second day of seed imbibition. Under
these conditions, EMF has virtudly no effect on the number of seeds with sprouts and roots, sncetheinitid
processes have been aready triggered, and the active growth of sprouts and rootsisin progress. It is



known that processes of cdll divison during growth include severd stages, at which both assembling and
disassembling of various supramo- lecular structures (e.g., microtubules) takes place (14). The observed
suppression of sprout growth under prolonged EMF trestment of seeds at this stage of germina-tion
suggedts that effects of EMF on assembling and disassembling of various supramolecular structures differ in
ther direction. On the whole, this may disturb the synchronism of cell divisons, which would lead to
suppression, rather than stimulation, of wheat seed germination under the action of EMF.

This mechanism of EMF effect on biologica processes is condgstent with one more phenomenon - aclear
acceleration by EMF of locd pH changes near the embryo, and in the bulk phase at later stages. This
process becomes evident severa hours after EMF trestment, and at later stages of imbibition as compared
with the activation of esterases. This delay can be related to the peculiar featuresin the evolution of pH
changes, where the total response of numerous cdls having different initia conditions is manifested. This
delay might be dso influenced by possible utilization of cell-wall resources (the cell wal medium is acidic),
and some influence may come from the scutellum (19). All these factors determine alarge variagbility of data
for different seeds, especidly, at comparatively early stages of imbibition. Nevertheless, evenin this case,
the pH changes can only proceed after the cells accomplish formation of equilibrium conditions and
become seng-tive to wesk EMF treatments.

Finaly, it should be noted that our data about the influence of EMF treatment on wheet seeds are
important not only for understanding the mechanisms by which EMF affects living systems. These deta can
aso be useful for sudying the molecular and physco-chemica mechaniams of the triggering of germination
at early stages when there is no gpparent indications for the occurrence of such processes.

Our data showing that biological effects of EMF depend on the creation of quasi-equilibrium conditions
insde the cells are consistent with the results of other research-ers. These data suggest that the effects of
ELF EMF are sengtive to the metabolic status of cdls (26, 27). Apparently, different trestments shift this
balance to one or the other direction, with the resulting increase or reduction in sengtivity of the processes
under study to EMF.

Thus, our data are in a good agreement with the proposed mechanisms of ELF- EMF action on biologicd
processes. The EMF, arather weak trestment exertsiits effect throughout the cdl volume, but eventudly its
influence is concentrated in narrow boundary layers near the membranes and is additionally enhanced be-
cause of various nonlinear phenomena. Thisresultsin dteration of the ionic strength and pH with the
subsequent release or binding of proteins immobilized on the membranes, which affects the metabolic
activity. This physico-chemicd mechanism providesthe bass for interpretation of paradoxica
dependencies of EMF-induced effects in organisms, such as the senstivity to geophysica and cos-

23



mophysicd fluctuations. This mechanism provides aso the basis for interpreting the biologica effects of
EMF of indudtrial frequencies. These effects are observed under field strengths thet are three order of
magnitude higher than geomagnetic fluctuations (4), in accordance with the frequency ratio of these EMF.
Hence, the nontherma biologica effects of ELF-EMF are not directly related to EMF energy, which may
differ by severd orders of magnitude at different frequencies. The suggested mechanism offers an gpproach
to interpretation of both simulating and inhibitory effects of ELF-EMF. Theinhibitory effects may result
from desynchro-nization of complex multistep processes, particularly in the case of prolonged treatment
with EMF, which may cause opposite dterations at different stages of such a process.

This mechanism does not exclude the existence of other EMF-induced ef--fects, particularly, in the high-
frequency range.
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