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Abstract

The effect of centimeter waves of non-thermal level on four types of bacteria
has been studied. On E. coli strains, a sharp increase in survival during the
first cycle of cell division was obtained. The mechanism of inhibition of pa-
thogenic bacteria by a weak electromagnetic field is explained. The mechan-
ism of stimulating the survival of bacteria associated with the activation of genes
that reduces the number of dying bacteria is explained. The general form of the
modified Ferhulst equation is proposed and its general solution is found, taking
into account the impact of negative external influences and the effect of stimu-
lation. Conclusion: A weak electromagnetic field can be used in sanitary pro-
cedures, and the modified Ferhulst equation can help in the preparation of
treatment programs.
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1. Introduction

The effects of the Electromagnetic Field (EMF) on living systems are manifested
at all levels: molecular, genetic, systemic, and population. For example, a swarm
of bees or a flock of fish is more sensitive to the field than single individuals.
Stimulation or suppression of the activity of living systems under the influ-
ence of EMF has a general character. For example, an increase in the motor ac-
tivity of a larger unicellular, infusoria Spirostotnum ambigiium, was found when
exposed to weak EMF with frequencies of 8.82 - 9.95 GHz at a power flux densi-
ty of 0.2 mW/cm’ and an exposure time of 1 - 10 min. With an increase in the

EMF frequency to 10.4 GHz and exposure time to 20 - 30 minutes, a decrease in
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motor activity was observed [1]. Exposure to intense picosecond pulses of 0.5 THz
at a voltage of 220 kV/cm and 70 kV/cm in human skin cells involved in tumor and
inflammatory processes causes favorable coordinated changes in the activation
of many genes [2].

The effect of an alternating magnetic field on the head of elderly rats led to the
fact that the rough coat was replaced by soft and thick, the eyes became bright pink,
the skin was soft and elastic, and the irradiated individuals differed from the young
only in size. The females had a return to a normal sexual cycle. To maintain the
effect, it was enough to repeat the irradiation session [3].

Previously, it was assumed that the acceleration phenomenon is associated
with the widespread introduction of radio [4]. In those countries where mobile
communication is spreading especially intensively, in Germany, Denmark, and
Great Britain, since the beginning of the spread, from 1984-1987, there has been an
acceleration in the growth of life expectancy in comparison with other countries.

An increase in the activity of living systems under the action of negative fac-
tors has been called hormesis—the stimulation of any system of the body by ex-
ternal influences, the moderate doses of stressors having a force insufficient for the
manifestation of harmful factors. Hormesis can be caused by toxins, medicines,
harmful environmental agents and physical factors used in radiation technologies.

Depending on the frequency, the density of the EMF power flux and the ex-
posure time, EMF exposure can lead to suppression of cell growth, their death,
but it can also have a stimulating effect, that is, a sharp increase in the number of
microorganisms.

In [5], it was found that the effect of ionizing radiation on microorganisms
depends on the amount of absorbed dose. In small doses, a stimulating effect is
manifested.

The division of E. coli (Escherichia coli) under the influence of EMF with
frequencies of 8.55 and 9.22 GHz is accelerated by about 30% [6]. However, this
is an insignificant increase, which is covered by the error of the calculation me-
thod and cannot indicate hormesis.

When irradiating microorganisms with broadband visible light, a stimulating ef-
fect was revealed. The cells of £. coli M-17 served as the object of exposure [7] [8].

In [9], an increase in the survival rate of E. coli with short-term exposure to
weak microwave EMF was obtained.

The question arises: to what extent does the stimulation of bacterial survival
under the influence of microwaves have a general character? Secondly, can, there-
fore, the phenomenological Ferhulst equation describe this type of hormesis? The
purpose of this study is to modify the Ferhulst equation in such a way that it takes
into account hormesis, and secondly, to study the phenomenon of hormesis caused

by microwaves.

2. Theory

The standard Ferhulst equation has the form:
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dN
E—rN(l—N/K) (1)

where N is the number of bacteria, the coefficient r characterizes the rate of re-
production, Kis the maximum possible population size.
Here, the member reflects the competition for resources. At the maximum of

the number, the growth of the culture stops. Solutions of the equation:

N =KNe" [[K+N, (e -1)]

With the exhaustion of resources (¢ — o ), the difference K — N decreases
exponentially with the same indicator as with exponential growth. The graph of
the dependence of the number of bacteria on time first increases exponentially,
then reaches a plateau when the number of newly appeared cells coincides with
the number of dead cells, then drops to zero.

The evolution of bacterial cultures can be divided into eight phases: the dor-
mant phase (from the moment of sowing), the phase of delayed reproduction
(the phase of bacterial growth, the lag phase), the logarithmic phase (exponential
growth in numbers), the phase of negative acceleration, the stationary phase of
maximum (plateau, the number of dead is equal to the number of formed), the
phase of accelerated death, the phase of logarithmic death, the phase of decreas-
ing the death rate.

By analogy with demography, we will introduce fertility and mortality rates.
Then, the coefficient rin Equation (1) is the difference between fertility and mor-
tality, and mortality also increases due to the competitive term N> /K .

In the case of exposure to a short-term external depressing factor, mortality
may increase, that is, the coefficient 7 characterizing the rate of reproduction,
decreases. If the external factor temporarily increases survival, then the coeffi-
cient rin the first term increases. Such a process can be modeled by the follow-

ing equation:
dN
E=[V+9(T—t)f:|N—rN2/K

where 6 is the Heaviside function, the value of fcharacterizes the number of
stabilizing cells.

The surge in survival has the form of a bump on a plateau. In general, the
constant coefficients in the Ferhulst equation, characterizing mortality and fer-
tility, turn into functions of time, the equation itself takes the form of the Riccati

equation:
dN 2
Ez[r—i—c(t)]N—b(t)N (2)

where cis a time-dependent coefficient characterizing either the suppression or
stimulation of bacteria by an electromagnetic field, & is a time-dependent “com-
petitive” coefficient, b=r/K .

Let us denote a=r+c (t) , thus, the growth parameter becomes time-dependent

and contains functions of survival dependence on external stress factors. Then
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dN
—=a(t)N-b(t)N? 3)
dt

The dependence of functions a and b on time is determined by the nature of
bacteria, external influences, including temperature, resource limiting factor and
is determined from experimental data. The solution of Equation (3) has the

form:

Ja(x)ax
4)

It follows from Equation (4) that not all coefficients 2 and b can give a surge in
survival on the 1% cycle of division and the death of bacteria on the 6™ cycle of
division. For example, such an external influence as an increase in temperature
does not cause a surge (hormesis), but an almost uniform increase in the survival
rate of bacteria. On the contrary, if, say, the culture of E. coliis quickly heated to
38 degrees, it will die at the beginning of the 1* cycle of cell division.

Thus, a and b are functions of exposure time, frequency of the external elec-
tromagnetic field, temperature, as well as other factors, DNA length, exposure to

light, etc.

3. First Two Experiments

The phenomenon of hormesis under the influence of microwaves has been stu-
died on the examples of mycobacteria and E. coli.

1) Mycobacterium avium, bacteria similar in structure to the Koch stick, M.
avium 104 (subsp. hominissuis) isolated from the blood of HIV-infected people,
as well as Koch’s bacillus, Mycobacterium tuberculosis H37RV (Pasteur) ATCC
25618.

The test tube with the experimental strain was irradiated, the test tube with
the control strain was placed next to it, but it was not irradiated.

The experimental and control strains were isolated from exposure to daylight.

Bacterial strains were cultured on Finn II egg medium.

An Agilent Technologies E82570 1 microwave generator was used to irradiate
bacteria, a power flux density of 2.5 MW/cm? was selected, which does not cause
heating of bacterial cultures.

The value of the EMF frequency of the generator was theoretically determined,
it was set equal to the natural (resonant) frequency of torsional vibrations of the
helix of various DNA. The fact is that when the frequency of the generator coin-
cides with the resonant frequency of the torsional vibrations of the DNA helix,
the DNA molecule is excited, which prevents DNA replication (doubling), hence
cell division, dramatically increases the number of single-strand breaks and sup-
presses DNA repair systems, as a result of which the cell dies. This frequency is

inversely proportional to the square root of the number of nucleotide pairs of the
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cell’s DNA: w = 21.75/sqrt (BP) in TGz, where BP is the number of nucleotide
pairs in DNA.

The nucleotide sequence of the DNA of the M. avium 104 strain consists of
5,475,491 pairs of nucleotides, respectively, the resonant frequency of torsional
vibrations of the M. avium 104 DNA molecule is 9.3 GHz. The DNA length of
Mpycobacterium tuberculosis H37RV is 4,411,529 nucleotide pairs, the corres-
ponding frequency is 10.36 GHz.

The maximum exposure time was chosen equal to 6 cycles of cell division.
Since the cell division cycle in M. avium 104 is approximately 1 hour, the maxi-
mum exposure time was chosen to be 6 hours.

The cycle of cell division of Mycobacterium tuberculosis H37RV is more than
18 hours, so the maximum exposure time was set to more than 108 hours - 114
hours.

The irradiation was carried out at 25 degrees.

The first test tube was irradiated for 1 hour, the second for 2 hours, etc. The
survival rate was determined: the number of bacteria in the test tube was divided
by the number of bacteria in the control tube; the result was multiplied by 100%.

2) In 10 experiments with M. avium, it was found that after the expiration of
the first cell cycle equal to 1 hour, the survival rate increased to (173.6 + 14.7)%.

3) In 10 experiments with Mycobacterium tuberculosis, it was found that after
the expiration of the first cell cycle, equal to 19 hours, the survival rate increased
to (172.7 + 19.3)%.

Deviations from mathematical expectations are obtained in a standard way,
for probability P = 0.95.

4. Analysis of the First Two Experiments

The fact that hormesis under the action of microwave EMF at the first cell cycle
manifests itself in two different types of mycobacteria, and in the same way,
suggests that the mechanism of this type of hormesis is a single one. The only
reasonable assumption that does not contradict the experiment and logic may be
the following: the same part of the bacteria that should have died, the microwave
EMF stabilizes. That is, the external field does not increase the growth factor r,
but reduces the “mortality” c(z) in the coefficient a = r+c(t) in Equation (3).
Stabilization concerns DNA, which accelerates cell metabolism under stress.
Further irradiation leads to a decrease in survival, which corresponds to the con-
cept of hormesis.

So an approximate graph of the solution of the modified Ferhulst equation
under the external influence of microwaves looks like this (Figure 1).

In [10], only a slight increase in survival under red light and no changes when
exposed to green light were obtained. The authors explain the effect of increased
survival by the fact that when red light is absorbed by superoxide dismutase mole-
cules, their activity may change. When irradiating prokaryotic cells, namely £. coli

M17 bacteria, terminal enzymes of respiratory chains can serve as photoacceptors.
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Figure 1. Dependence of bacterial survival on time in cell cycles.

At the same time, it was found in [9] that red and blue light, on the contrary,
reduce the survival of E. coli. Thus, the data are contradictory, which suggests
that daylight can hardly be stressful, rather, it is a favorable factor.

In [9], the effect of microwave in the range from 8.82 GHz to 10.4 GHz at a
power flux density of 0.2 mW/cm’ on cells of the mutant strain of E. coli her’exr’
and wild strain of E. coli WP2 was also studied. With an irradiation time equal
to one, two and three cell cycles at frequencies of 8.82 GHz, 9.14 GHz, 9.97 GHz,
10.4 GHz, including at resonant 10.14 GHz, hormesis was absent.

Thus, with such a low power flux density, centimeter waves are too weak a
stress factor to cause hormesis.

On the other hand, as shown in [7], irradiation of E. coli M-17 at a frequency
of 9.372 GHz with an exposure time of 60 minutes, but with a significantly high-
er power flux density, from 3.4 to 27.2 mW/cm?, hormesis also did not occur.

At the same time, at intermediate power 2 mW/cm? densities, hormesis took
place when E. coli was irradiated with EMF at a frequency of 3.07 GHz [11].

Consequently, the number of parameters on which the functions a and b in
Equation (4) depend also includes the power flux density.

Can hormesis occur with prolonged exposure to stress factors?

5. Third Experiment

E. coli ATCC 25922 was selected for experiments.

A fresh (daily) culture, on a meat-peptone broth was used. With the help of
sterile saline, a working dilution was prepared. The daily broth culture was di-
vided into 2 parts, control and experimental, then diluted to concentrations ac-
ceptable for crops. For the purity of the experiment, the growth of the culture
was stopped, for this purpose it was diluted with a sterile saline solution of 1:100,

so that its density was at about 107 CFU/ml, respectively, after processing, five
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10-fold dilutions were prepared and sown from the last three. After irradiation
of the experimental samples, the preparation of samples is carried out, that is,
the preparation of consecutive 10-fold dilutions from 107" to 107,

Sowing from the last 3 - 4 dilutions was carried out with a lawn on a dense
nutrient medium (Petri dishes with meat-peptone agar) 0.1 ml of dilutions 107
and 1077 of control and experimental samples in two repetitions. The cups were
placed in a thermostat for 24 hours at a temperature of 37°C. The results were
taken into account by counting colonies in cups (the arithmetic mean obtained
when counting colonies on two cups of the corresponding dilution was used),
the concentration of microorganisms in the sample was recalculated (taking into
account the dilution and the sowing dose).

The exposure time is 180 minutes, more than 6 cell cycles. The test tubes
were insulated with black paper with the absence of heavy metals in the black
paint, so as not to shield the microwave EMF. The ambient temperature was
24°C, controlled by a thermometer and changed during each experiment by no
more than 0.5°C. The same microwave generator with the same parameters
was used.

It was found that irradiation with microwave EMF for a long time, more than
one cell cycle, does not lead to hormesis (Table 1, 2™ line). However, with si-
multaneous exposure to microwave EMF and daylight (Table 1, 3™ line), hor-
mesis takes place, and the dependence on frequency is periodic.

In experiments with E. coli M17, when irradiated with light and EMF at fre-
quencies of 9.8 GHz, 10.07 GHz, 10.27 GHz (resonant), 10.47 GHz, 10.67 GHz,
hormesis was observed at frequencies of 10.07 GHz and 10.47 GHz, survival in-
creased to (189.2 + 31.4)% and (179 * 5.6)%, respectively.

For both strains of E. coli, hormesis occurs not on the 1%, but on the 6™ cycle
of cell division.

Both additivity and synergism of combined stress factors [11] and their anta-
gonism are known. However, in this case, daylight has a constant stimulating ef-
fect, so it shifts the hormesis in time.

As expected, with prolonged exposure, EMF radiation at a resonant frequency
no longer causes hormesis, but radiation at frequencies close to resonance when
combined with visible light plays the role of a weak stressor.

A similar type of hormesis can be approximated by the Ferhulst equation if
the dependence of the coefficient a =r +c(t) on frequency is represented as a
periodic function, a(f)=a(f+0.4n), where frequency fis in gigahertz, nis an

integer.

Table 1. E. coli survival rate when exposed to microwaves and microwaves with light.

Frequency, GHz 9.2 9.4 9.6 9.8 10.0

CFU/1 ml, from the

initial ber. % 425+55 600+74 225+£328 705%+9.5 110.5+8.3
initial number, %

+ light 72+12.7 187.0+23.6 765+6.4 170 +8.9 133.5+4.5
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6. Conclusions

1) The resulting Ferhulst equation describes the evolution of bacterial culture
taking into account the hormesis that occurs due to the stabilization of dying
bacteria, reducing “mortality”.

2) The experiment shows that microwaves with a frequency coinciding with
the natural frequency of torsional vibrations of bacterial DNA helices cause hor-
mesis after the first cell cycle, and to the same extent in both M. avium and Mi-
cobacterium tuberculosis.

3) Moreover, hormesis does not occur at other frequencies, and secondly, ir-
radiation with exposure greater than one cell cycle leads to a sharp decrease in
the survival of bacteria after 6 cell cycles.

4) A completely different picture arises when simultaneously irradiated with
microwaves and daylight. Suppression of survival after 6 cell cycles is almost not
observed, on the other hand, hormesis occurs after 6 cell cycle at frequencies
symmetrically close to the resonant frequency.

Increasing the survival rate of bacteria under the influence of a weak electro-
magnetic field can be used, for example, to increase the mass of bacterial cultures
needed in various fields: pharmacology, medicine, and food industry. The mod-
ified Ferhulst equation will allow us to establish the characteristics and time of
external influences for hormesis.

Bacteria have a hierarchy of repair systems, including a cellular DNA repair
system, for example, excision repair of nucleotides, mismatch repair, etc. The ef-
fect of photoreactivation was discovered by A. Kelner and A. Dulbekko. Aziz San-
jar discovered that under the influence of blue light, DNA photolyase is activated
in the cell, which heals DNA damage resulting from the action of hard UV (UV-A),
and removes pyrimidine-pyrimidine dimers arising in DNA [12]. DNA photo-
lyase acts as a cofactor, a donor to break dimers.

In our case, instead of the action of a hard UV, the action of a microwave. It is
possible that: 1) either dimers are formed under the action of microwave, 2) or
other damages are formed under the action of microwave, which are healed by DNA
photolyase, 3) or there are any damages that are eliminated by the DNA self-repair
system activated by UV-B. That is, it is not cellular repair systems that are acti-
vated, but DNA self-repair.

Probably, ultraviolet light with a frequency at the border of ultraviolet-A and
ultraviolet-B, which is not absorbed by glass, can have a stimulating effect on mi-
tosis. The energy of this UV is located close to the middle of the forbidden zone
of the DN A base level system in the quasi-periodic crystal model [13]; therefore,
the effect of increased survival may be associated with the resonant absorption of
the DNA levels of the boundary UV by the system.

Hormesis can be widely used in medical investigations, for example, radiation
hormesis can be used in the treatment of oncology [14].

A local increase in temperature can suppress the growth of malignant neop-
lasms. This increase may be caused by the hormesis of some bacteria inside the

body. The Ferhulst equation can help, without putting additional experiments,
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to make a treatment program.
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