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Chapter 16
Electromagnetic resonance and
morphogenesis
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Abstract: Science has yet to resolve the mystery of a living being’s self-
assembly into intricate patterns of form and function. Tissue patterns in devel-
oping flower buds implicate physical resonance as a mechanism through which
positional information can be generated in biological development. In resonance,
a trapped waveform creates a spatial pattern of a physical property. A reso-
nance pattern is mathematically defined and is characteristic of the specific
mechanism that produced the resonance. Resonances can spontaneously emerge
as intricate 3D vector fields with varying strength and direction of action at eve-
ry point in the involved space. As physical force fields, vector resonances can
supply individual cells with positional information and influence genetic expres-
sion and other cell activities via a variety of established physical mechanisms
such as voltage gated membrane channels, thereby changing cell state at specif-
ic locations to create a pattern of form and function. Remarkably, the three di-
mensional architectures of developing plant flower buds show striking parallels
with resonance patterns formed by electromagnetic energy.
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Introduction

Ubiquitous yet stunning mysteries can be found in the exquisite patterns
created by living beings, especially in the plant realm. For example, Fig-
ure 1A shows a cross-section through the ovary of an abutilon flower, reveal-
ing eight ova (immature seeds) that evenly divide the unit circle with a
spacing of 45° (2n/8). Strikingly, the spatial characteristics of the abutilon
flower ovary are described in close relation to two nested 8-point star poly-
gons (Figure 1B). Similarly, Figure 1E shows the cross section through the
male flower bud of a squash plant revealing 15 pairs of developing pollen
tubes evenly dividing the unit circle with a spacing of 24° (2rn/15) and exhib-
iting a featureless zone prescribed by a 15-point star polygon (Figure 1F).
What physical mechanism can account for the appearance of such architec-
tures? To shed light on these questions, attention must first be turned to the
process of morphogenesis to appreciate the context of mysteries science has
yet to elucidate.

Figure 1. Parallels between plant primordia and star polygons. Panel A shows a
cross-section through an immature abutilon flower ovary. Panel B shows the same
image in relation to 8-point star polygons. Panel E shows a cross-section through an
immature male flower bud of a squash. Panel F shows the acorn squash primordia in
relation to a 15-point star polygon. Panels C and G show the TMy42 and TMis152
modes (notation defined on pg. 8 and 10), respectively, with electric field direction
shown as a streamlined vector, electric field magnitude as a blue gradient, and mag-
netic field magnitude as a red gradient. Panels D and H show the relationship be-
tween the modes and star polygons. Scale bar in images shows 250 um.

Morphogenesis describes the development of biological form from a
small collective of selfsame cells. In morphogenesis, intricate, mathematical-
ly precise natural architectures develop from simple, symmetrical initial
states that show no traces of the patterns to come. An example of pattern
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emergence is given in Figure 2, where the inner compartment of a primordi-
al squash ovary initially shows no distinct structure (Figure 2A), yet at a
certain point in development a characteristic pattern defined by three sets
of two spiral-like structures appears (Figure 2B). The emergence of pattern
from a simple initial state is referred to as symmetry breaking. Like break-
ing a mirror, the initially smooth, continuous surface or shape with a high
degree of symmetry is transformed into one with less symmetry due to the
appearance of new structures and forms.

Figure 2. Emergence of pattern and morphostasis in female squash flower ovary
primordium. Panel A shows the early primordium, Panel B shows a slightly larger
primordium at a time of early symmetry breaking, and Panel C and D shows progres-
sively more developed cross-sections of the fruit that retains aspects of the original
emergent pattern. Panel E shows a three-dimensional view of the primordial female
squash flower with an ovary marked by **’. Scale-bars in images show 250 pm.

With continued growth and development, the pattern may remain es-
sentially the same in its general characteristics, but is composed of first
hundreds, then tens of thousands, and then millions to billions of cells in the
final mature form (Figure 2C and D exemplify this for the squash ovary and
fruit). This conservation of an early pattern throughout development of an
organism is known as morphostasis (Levin, 2009). The mechanisms respon-
sible for the first symmetry-breaking in the biological collective are there-
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fore of great importance as the final pattern of the mature organism is often
a multicellular/multifunctional version of the initial pattern to appear in the
primordial collective.

It is well established that molecular signals and genetic expression play
essential roles in both plant and animal development. Many years of re-
search have focused on understanding development by inhibiting the ex-
pression of genes or the activities of their protein products. The result is an
extensive list of correlations between various aspects of development and
genetic expression. For example in plants, the activities of highly conserved
gene families have been implicated in the formation of the four organ sys-
tems of the flower (i.e. the sepals, petals, stamens/anthers, and ovary/pistil)
(Krizek et al., 2005). While the involvements of specific genetic expressions
are well established in plant organogenesis, it remains largely unknown
how genes are activated in certain spatial regions and how the distribution
of functional biomolecules and cell types can form in dynamic spatial pat-
terns. Ultimately, the processes involved in the symmetry-breaking of the
early collective remain the greatest mysteries of morphogenesis in both
plant and animal development.

For morphogenetic symmetry-breaking to happen, certain cells in cer-
tain spatial regions must suddenly change their genetic expression to be-
come cells of a different differentiation state in those regions. The cells that
are changing state in the collective must receive some kind of regionally
specific signal telling them to change their activities. This regionally specific
signal is referred to as positional information. The concept of positional
information is essentially synonymous with the concept of a morphogenetic
field (Gilbert, 2006; Gilbert et al., 2000). What is crucially missing from
modern developmental biology is a comprehensive understanding of how
positional information is supplied to the cells, or in other words, an elucida-
tion of the physical nature of the morphogenetic field.

Various systems-focused answers have been proposed to account for the
manifestation of long-range spatial organization in plant and animal devel-
opment, and in reality a variety of different mechanisms may be simultane-
ously involved. Positional information has perhaps been most commonly
considered in terms of Reaction-diffusion type mechanisms involving the
emergence of a spatial pattern of a morphogenetic chemical (Koch et al.,
1994; Meinhardt, 1996). Reaction-diffusion mechanisms were introduced by
the renowned scientist Alan Turing (Turing, 1952) and have been developed
further by a number of scientists including Koch et al., 1994 and Meinhardt,
1996. Reaction-diffusion mechanisms are important theories capable of
describing chemical gradients forming in a developing organism, the shapes
and colouring of sea-shells, development of reticulated vein networks, the
spots and stripes on animal hides, and the appearance of divisions in the
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early stages of a developing embryo. In addition to reaction-diffusion type
mechanisms, Beloussov has suggested that positional information be sup-
plied by mechanical stress fields self-generated in a growing embryo (Bel-
oussov, 2008; Beloussov et al., 2006). The alternative perspective presented
herein sees a developing organ as a dynamic system self-trapping electro-
magnetic (EM) energy in a stable spatial pattern capable of supplying the
cellular collective with rich positional information.

1. Dielectric resonators: Containers for light

It is well established, theoretically and experimentally, that a simple drop of
water can act as a resonant cavity for light (Datsyuk, 2001; Hossein-Zadeh
et al., 2006). In fact, water droplets are such good containers for light that, if
doped with a light-producing material such as a rhodamine dye, they can
even produce coherent laser light (Kiraz et al., 2007; Lin et al., 1992).

In a water-drop the situation is similar to that of the conventional laser,
except instead of a resonant cavity created by mirrors, it is the air-water
boundary of the spherical water-drop that reflects light back into the droplet
(Datsyuk, 2001). When light traveling within a strong dielectric strikes the
interface with a weak dielectric some transmission and reflection of the
incident wave occurs that is dependent on the angle of incidence and the
relative differences in dielectric strengths between the two materials. There-
fore, if a beam of light is travelling within a spherical water-drop surround-
ed by air, the light can become trapped by consecutive internal reflections. If
the light is of the right frequency to interfere constructively with itself along
its path, an EM resonance is established in the water-drop. In order for the
water-drop to behave as the resonant cavity of a laser, rhodamine dye mole-
cules must be added to act as the optical gain medium.

The concept of a water-drop resonator can be easily extended to develop-
ing plant organs (primordia), and in fact as is explored herein, there are
substantial structural parallels between tissue patterns and EM resonant
modes within leaf and flower primordia (Pietak, 2011a, b, 2012). At the time
of first symmetry breaking, developing plant primordia are similar to a
water-drop resonator as they are initially small (100 to 500 pm radius),
symmetrical (spherical, ellipsoidal, or nearly cylindrical), high water content
(90-98%) structures surrounded by air or a porous, low water content rind of
lower permittivity (Figure 2E). These early characteristics of plant primor-
dia establish reasonable conditions for internal reflection of EM waves with-
in the structure, and the consequential formation of resonant modes in a
frequency range between 0.25 and 5 THz. Furthermore, the fact that plant
and animal cells respond in various distinct ways to electric, magnetic, and
EM fields is rather well established (Cifra et al., 2011a; Levin, 2003, 2009).
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However, unlike a water-drop resonator operating at optical frequencies,
plant primordia would absorb internal EM at their resonant frequencies of
0.25-5 THz, leading to high damping of the EM resonance (low Q-values).

2. The spherical dielectric resonator

Modes within dielectric resonators are comprised of individual electric and
magnetic field components. Each field type is a three-dimensional entity
with a stable field pattern spanning the space of the resonator (Figure 3). In
time, the space is alternatively filled by electric and magnetic field patterns
turning over at the same frequency as the original EM wave. As two, dis-
tinct, three-dimensional spatial patterns, each with magnitude and direc-
tion at regions throughout the space, the EM resonant mode holds an in-
credible amount of positional information for any substrate capable of re-
sponding to it.

Figure 3. Three dimensional vector field representations of the electric (A and B) and
magnetic (C and D) field components of the TMs 32 mode in a dielectric sphere. Panels
A and C show a three dimensional vector field with respect to an isosurface of the
field magnitude. Panel B shows the electric field in cross-section while panel D shows
the magnetic field in long-section. Black shows areas of highest magnetic field
strength and arrow sizes are scaled in proportion to field strengths.

Electromagnetic resonant modes come in transverse electric (TE) and
transverse magnetic (TM) varieties. For TE modes on a sphere, the electric
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field has no component in the radial direction, with no further restrictions
on the magnetic field aside from those required by Maxwell’s Equations. In
TM modes it is the opposite with no radial component of the magnetic field.

The mathematical equations describing electromagnetic resonance
modes in a non-magnetic dielectric sphere are described by Yadav et al.,
2004.

The boundary conditions determine the set of resonant frequencies for a
spherical dielectric of a particular size and permittivity. For a spherical
dielectric resonator, the tangential components of the electric and magnetic
fields, and the normal component of the electric displacement field and
magnetic flux density must be continuous across the boundary between the
resonator and its surrounding environment. Applying these conditions for
the various field equations of the resonator leads to the characteristic equa-
tions (Gastine et al., 1967):

For TM modes:
ka
Kk H (—)
1_]n_%( a)= &_\/8_ n-3 \V&, )
ka J i(ka) ka "y (k_a)
? m3 Wer
For TE modes:
ka
Kk H (—)
e M NS 107 o
g0 ™ ey (y
2 wd Ve

Where Hn(x) are Hankel functions of the first kind (i.e.
Hiu(x) = Ju(x) +j Y(x)). The radius of the sphere is represented by a. The
parameters k and & are the wavenumber and relative permittivity of the
dielectric sphere material, respectively. Equations [1] and [2] assume the
dielectric sphere is non-magnetic (ur= 1) and surrounded by air with rela-
tive permittivity of 1.

The solutions to the characteristic equations are complex frequencies:

f=rf-if". (3]
The solutions (roots) of the characteristic equation can be indexed incremen-

tally using the integer L. The real component of the complex frequency (f5)
represents the physical resonant frequency of the dielectric sphere. The
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imaginary component relates the radiative loss (i.e. leaking of EM energy) of
the resonator in terms of the quality factor (Qr) (Julien et al., 1986):

fo

*Z2p

(4]

The quality factor is the ratio of energy stored to the energy dissipated
per oscillatory cycle, and indicates how well the material will resonate. In
general, Q-factors less than 0.5 will not support resonances and Q-factors
greater than 0.5 will. While equation [4] yields one component of the Q-
factor, dielectrics also lose energy by dislocation and conduction of charge
carriers under the influence of applied fields, transforming EM energy into
heat. This phenomenon can be accounted for by representing the relative
electric permittivity of a lossy dielectric by a complex number:

=g tjel. [5]

Note that the complex permittivity of water varies considerably with
frequency. Over the range from 1 GHz to 7 THz the complex permittivity of
water at 25 °C can be modeled using the equation (Vij et al., 2004):

3
Sq &y

& = Eo t 7 [6]
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with ex=2.2, £1=71.49, £=2.80, £=1.6, =092, wi4=5.26 THz,
71= 8.31 ps, 72=1.0 ps, 73=0.10 ps, 74= 0.025 ps, f1=1.0, f2=0.77, f3=0.8,
061=1.0, 62= 1.0, §3=0.9. The real component of equation [6] was used in the
characteristic equations [1] and [2] to solve for resonant frequencies at spe-
cific permittivities of water-based dielectric sphere resonators in the range
from 1 GHz to 7 THz.

The dielectric loss tangent, tan §, reflects the dielectric loss component
of the quality factor (Qp):

tand = &= [7]
and = —=—.
& Qp

The total quality factor (@r) of the non-ideal dielectric resonator can be
written in terms of the radiative and dielectric loss Q-factors (Pozar, 1998;
Sheen, 2008):
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0r=(+a) ]

Variations in the different parameters, n, m and L, yield distinct reso-
nant mode patterns. For the dielectric resonator, n is related to the number
of field maxima between the poles of the sphere. The number of field maxi-
ma in the x-y plane (the azimuthal or ¢-maxima) are given directly by the m
parameter.

Figure 4. Cross-sectional characteristics of EM resonant modes forming on a dielec-
tric sphere. All panels show TM modes with electric component displayed as a stream-
lined vector field and magnetic fields superimposed as a grayscale gradient (field
direction of magnetic fields is out of the page). The numbers in the lower right corner
of each panel indicate the parameters n, m, and L, respectively of the mode index as
defined on page 10.

The roots of the characteristic equations [1] and [2] are indexed by the
integer L. A formal way to index the modes is to label them according to
their TE or TM character and by the three mathematical indices yielding
the designations: TExm: and TMym,:. The combined electric and magnetic
field patterns of a sphere for TM modes with n =1 to 3 and L=1 to 3 are
shown along the mid-plane cross-section in Figure 4.



312 Alexis Pietak

3. Electromagnetic resonance and plant tissue patterns

As can be quickly appreciated, the seemingly mysterious relationships be-
tween features of 8- and 15- point star polygons and abutilon ovary and
male squash flower bud cross-sections are shared between the TMa42 and
TMi15,15.2 resonant modes of the sphere (Figure 1). In these plant structures,
note that ova formation in abutilon and pollen-tube formation in male
squash flower buds both coincide with the locations of highest magnetic field
strength in the TMa,42 and TM15,15,2 modes, respectively (Figure 1).

The tissue pattern in primordial squash ovaries from the female flower
also show remarkable parallels with the TMs3 33 mode of a spherical dielec-
tric resonator (Figure 5). Similar to the abutilon ovary and squash male
flower bud, cells in the female squash ovary in regions that correlate to
highest electric field strength have changed into placental tissue cells, while
the six places of high magnetic field strength are also the six places where
ova form in the squash ovary (Figure 5). Also, the exterior tissue (endocarp)
of the squash coincides with a region of both low electric and magnetic fields
that is in correct proportion with the EM field patterns (Figure 5). In three
dimensions, the electric field spirals form six consistent tubes all the way
through the long axis of the egg-shaped model, which is the same pattern
seen in the squash ovary. The remarkable parallels between the squash
ovary and TMs 33 mode also suggest an important involvement of the elec-
tric field direction as the reduced symmetry of the pattern correlates to the
direction of flow paths that could be induced by the electric field. Regions
where electric field lines intersect are correlated with the formation of the
three main axes of the squash ovary cross-section pattern (Figure 5). Con-
versely, where electric fields diverge, the placental lines are separated by a
gap and no main axis forms (Figure 5). Features of plant primordia at the
time of first symmetry breaking allow resonant frequencies and loss fac-
tors to be estimated. The emergence of patterns in various flower buds has
been observed for primordia sizes ranging from radii of 150 to 500 pm. At
early stages of development, the water content of primordia is on the order
of 95% by mass. Furthermore, the microwave-terahertz dielectric permit-
tivity of high water content biological tissue has been shown to be well
correlated to that of pure water (Nelson et al., 2005; Sipahioglu et al.,
2003).
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Figure 5. The squash ovary primordium (female flower) shows remarkable parallels
to the TM333 mode of a dielectric sphere and indicates an important role for electric
field direction. Panel A shows the cross section through a squash ovary primordium
with primordial ovum marked by “’, placental tissue line marked with ‘p’, interior
tissue (endocarp) marked with ‘m’, and exterior tissue (exocarp) marked with ‘X’
Panel B shows a cross-section through the TMsss mode with electric component
shown as a vector field and magnetic field as a superimposed gradient. Panel C shows
streamlines of the electric field. Panel D compiles the rich information of the TMs 33
mode showing convergent electric field streamlines as ‘p’, regions of highest magnetic
field as “’, and interior and radial node regions as ‘x’ and ‘m’, respectively.

Mode n L fo (THz) &r Qr Qo Qr
™ 3 3 1.57 4.3 6.4 1.95 1.50
T™ 4 2 1.44 4.4 2.5 1.95 1.10
™ 15 2 4.13 3.4 107.6 1.60 1.58

Table 1. Summary of resonant frequencies, Q-values, and water permittivities for
EM modes forming on a spherical plant primordium approximated as a watery dielec-
tric sphere with a radius of 150 um. The parameters 'n' and 'L' represent components
of the mode index (see page 10), f, is the resonant frequency, and &: represents the
relative dielectric strength of the resonator. The parameters Qr, @p, and @rrepresent
the quality factor for radiative loss, dielectric loss and total loss, respectively (defined
on pages 9 and 10).

Taking these factors into account and making use of equations [1] to
[8], plant primordia are indicated to be far-IR resonators with the widest
estimate of their operating frequencies marking a range between 0.25 and
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5 THz. While modes typically have low total Q-factors in the range of 1 to
2, Q-factors above 0.5 are able to physically resonate. The mode Q-factors
are dominated by the dielectric loss of water and are relatively independ-
ent of radiation losses. The resonant frequencies and Q-factors for specific
resonant modes and sizes of a spherical developing plant primordium (ap-
proximated as a water-based dielectric sphere) are summarized in Table 1.

4, Discussion

In developing plant primordia, cell orientation is correlated with the direc-
tion of the electric field of EM resonant modes. Cell orientation with the
electric field is assumed as an electrically polarizable entity such as a cell
will align with the direction of a static or dynamic electric field. Various
kinds of tissue differentiation are correlated to respective areas of high elec-
tric or magnetic fields. Generally, reproductive tissue (ova or anther) for-
mation is coincident with sites of highest magnetic field, whereas sep-
ta/placental lines form in regions of highest electric field. The above field-
tissue correlations assume the modes are TM in character, however, if
modes are TE, the relations are opposite with cells aligning in magnetic
fields and reproductive tissue forming at sites of highest electric field. Over-
all, the structural evidence and physical uniqueness of EM mode patterns
indicates developing plant organs can support EM resonances, whereby the
electric and magnetic field components guide symmetry-breaking and there-
fore resemble the first pattern to emerge in primordia. Rich in positional
information, the EM resonant mode represents a possible physical manifes-
tation of the morphogenetic field.

It is well established that electric and magnetic fields can influence
cellular behaviour in development and regeneration. The direct effects of
electric and magnetic fields on cell behaviour, including electric field in-
duced cell orientation and directions of preferred growth, have been experi-
mentally confirmed in plants and animals (Hinkle et al., 1981; Hush et al.,
1991; Levin, 2009; Malho et al., 1992; Zhao et al., 1999). Weak electric fields
and intercellular ion flows have also been observed to influence embryonic
and stem cell differentiation states in plants and animals (Grattarola et al.,
1985; Harrington et al., 1973; Levin, 2003, 2009). Biological voltage gradi-
ents and ion flow have also been associated with control of cell proliferation
and controlled apoptosis via gated ion channels (Levin, 2009).
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Figure 6. Comparison of cell life cycle characteristics and dielectrophoretic force
fields of the first and second modes of spherical resonators. Panel A and C show the
dielectrophoretic force field of the fundamental mode of a resonator in interphase and
metaphase, respectively, with force direction shown as arrows and magnitude as a
spectral colourmap with red indicating highest force strength and blue the lowest.
Panel B and C show the configuration of a cell’s cytoskeleton (red) and nuclear mate-
rial (blue) during interphase and metaphase, respectively.

Dynamic electromagnetic fields may be capable of altering genetic ex-
pression of cells via gated calcium ion channels (Pall, 2013). Weak magnetic
fields have been observed to induce changes in ion flux through cell mem-
branes and altered cell growth characteristics (Blackman et al.,, 1994;
Lednev, 1991). Furthermore, dielectrophoresis describes force exerted on a
dielectric particle when it is in the vicinity of a non-uniform static or time-
varying electric field (Pohl, 1978). Dielectrophoresis may alter the three-
dimensional distribution of morphogenetic substances in relation to a static
or dynamic electric field, leading to changes in cell differentiation state and
other features such as proliferation rates.

A confirmation of the EM excitation source for the developing plant
remains beyond the scope of this work. However, it is possible to speculate
on various possibilities. The prospect of endogenous EM production by bio-
logical systems, in a range from 10! to 1012 Hz (the same range expected for
mode frequencies in developing plants, Table 1) was first developed by phys-
icist Herbert Frohlich in 1968 (Frohlich, 1968a, b, 1975). More recently,
quantum field theory (QFT) has been used to further elucidate the possibil-
ity of endogenous radiation in biological systems (Del Giudice et al., 1985;
Del Giudice et al., 2010; Preparata, 1995). Recent explorations using normal
mode analysis of simulated microtubule structures have determined micro-
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tubules to be a likely source of endogenous EM up to several hundred gigahertz
(Cifra et al., 2011b; Deriu et al., 2010). Microtubule vibrations may be stimu-
lated by hydrolysis of GTP, motor protein-microtubule interactions, and
energy efflux from mitochondria (Cifra et al., 2011b). A number of experi-
ments have directly detected non-thermal radiation in radio (Cifra et al.,
2008; Pokorny et al., 2001), microwave (Gebbie et al., 1997), and visible-UV
(Popp et al., 2002; Yan et al., 2005) frequencies from various organisms.

The mainstream view of morphogenesis was established in 1952 by Alan
Turing, who outlined how cellular collectives could generate bio-similar
patterns of spots, stripes, and spirals using interrelated reaction-diffusion of
chemicals in the cellular population (Turing, 1952). There are a number of
issues that make chemically based reaction-diffusion mechanisms an unlike-
ly explanation for the patterns in developing plants described herein. The
main reason for this is because the phenomenon of chemical diffusion has
fundamentally different physical properties, and therefore fundamentally
different mathematical relations and stable patterns, than do electromag-
netic (vector) resonances. Diffusion and reaction-diffusion are scalar pro-
cesses exhibiting first-order changes in time, whereas electromagnetic reso-
nances are vector properties demonstrating second-order changes in time.
To date no reaction-diffusion mechanism has been identified that is capable
of generating the three dimensional vector resonance patterns outlined in
this paper. Furthermore, in a reaction-diffusion mechanism, the positional
information would ultimately be generated by a spatial pattern of at least
two chemical substances that change cell state in different ways and were
patterned according to the two vector harmonic components representing
the electric and magnetic fields of an EM resonance. To even form similar
vector fields, there would need to be some presently unknown mechanism
that acts as a vector property and can demonstrate vector curl. Finally, in
plant patterns there are occasions when a similar pattern occurs but with a
higher symmetry. On account of this rather common observation, the reac-
tion-diffusion mechanism would need to have changes to the value of some
parameters, such as a slower movement or reaction rate of a chemical, cre-
ating the appearance of the next harmonic in a resonance series. In other
words, the reaction-diffusion mechanism would need to mimic a resonance
mechanism, whereby a higher resonance frequency can generate a similar
pattern but with higher symmetry. It is not clear how this would happen for
a reaction-diffusion network.

The concept of a biological EM resonator can be extended to diverse size
scales on the order of individual cells and whole planets. Popp and Cifra
have independently explored the concept of single cells as EM resonators
(Cifra, 2012; Popp et al., 2005). As suggested in Figure 6, the presence of an
electromagnetic mode within the cell can account for patterns in cytoskele-
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tal filaments and genetic material (nucleus, chromosomes) during various
stages of the cell life-cycle (Cifra, 2012; Popp et al., 2005). On very large
scales, it has been experimentally established that even our planet Earth
can act as a cavity resonator (Balser et al., 1960). The Earth is an approxi-
mately spherical entity surrounded by an electrically conductive spherical
ionosphere consisting of electrons and charged atoms and molecules, which
behaves as a conductor surrounded by the vacuum of outer space. The
spherical ionosphere acts like an EM resonant cavity surrounding the
Earth. The Schumann resonances of Earth are experimentally verified low
frequency resonances (beginning at ~7.8 Hz) excited by lightning discharges
in the cavity formed by the Earth's surface and the ionosphere (Balser et al.,
1960).

Experiments are required to determine if physiologically relevant en-
dogenous electromagnetic resonances exist in plants and other organisms.
Two core experimental strategies would involve 1) attempts to directly detect
EM produced by a developing plant in a range from 0.5 to 2 THz, beyond the
scale expected from thermal background radiation, and i1) growing plants in
the presence of an EM source emitting in the range of 0.5 to 3 THz in an
attempt to alter or disrupt growth patterns in a manner consistent with the
hypothesis of EM resonance and avoiding significant heating of the tissue in
the process.

5. Conclusions

The spontaneous self-assembly of a living being into intricate patterns of
functional form largely remains a mystery. While most current research
seeks explanations in terms of genetic and molecular activities, a viable
alternative view already exists. For living organisms have the capacity to
behave as EM resonators, trapping within themselves EM fields in the form
of spatial energy patterns. These patterned energy fields are called resonant
modes and are a rich source of long-range information capable of guiding
biological pattern formation from an early developmental stage. Focusing on
plants, the so-called living crystals of the world, a comparison of tissue and
EM resonant mode patterns reveals striking similarities. The concept of EM
energy resonators is not limited to plants, but may extend to single cells,
water droplets, other organisms, and whole planets.

References
Balser M, Wagner C. 1960. Observations of Earth-Ionosphere Cavity Resonances. Nature
188:638-641.

Beloussov L. 2008. Mechanically based generative laws of morphogenesis. Phys Biol
5:0150009.



318 Alexis Pietak

Beloussov L, Grabovsky V. 2006. Morphomechanics:goals, basic experiments and models.
Int J Dev Biol 50:81-92.

Blackman C, Benane S, House D. 1994. Empirical test of an ion parametric resonance
model for magnetic field interations with PC-12 cells. Bioelectromagnetics 15:239-260.

Bures J. (2009) Guided Optics: Optical Fibers and All-Fiber Components. Wiley-VCH, Wein-
heim.

Cifra M. 2012. Electrodynamic eigenmodes in cellular morphology. BioSystems. 109:356-
366.

Cifra M, Fields J, Farhadi A. 2011a. Electromagnetic cellular interactions. Prog Biophys
Mol Biol 105:223-246.

Cifra M, Havelka D, Deriu M. 2011b. Electric field generated by longitudinal axial mo-
crotubule vibration modes with high spatial resolution microtubule model. J of Phys
Conf Series 329:012013.

Cifra M, Pokorny J, Jelinek F, Hasek J. 2008 Measurement of yeast cell electrical oscilla-
tions around 1 kHz PIERS Proceedings, Cambridge, USA, pp 780-785.

Datsyuk V. 2001. Optics of microdroplets. J Molecular Liquids 93:159-175.

Del Giudice E, Doglia S, Milani M. 1985. Quantum field theoretical approach to the collec-
tive behaviour of biological systems. Nuclear Physics B B251:375-400.

Del Giudice E, Spinetti P, Tedeschi A. 2010. Water dynamics at the root of metamorphosis
in living organisms. Water 2:566-586.

Deriu M, Soncini M, Orsi M, Patel M, Essex J, Montevecchi F, Redaelli A. 2010. Anisotropic
elastic network modeling of entire microtubules. Biophys J 99:2190-2199.

Frohlich H. 1968a. Bose condensation of strongly excited longitudinal electric modes. Phys-
ics Letters A 26A:402-403.

Frohlich H. 1968b. Long-range coherence and energy storage in biological systems. Interna-
tional J of Quantum Chemistry 2:641-649.

Frohlich H. 1975. Evidence for bose condensation-like excitation of coherent modes in
biological systems. Physics Letters A 51A:21-22.

Gastine M, Courtois L, Dormann J. 1967. Electromagnetic resonances of free dielectric
spheres. IEEE Trans Microwave Theory and Techniques MTT-15:694-700.

Gebbie H, Miller P. 1997. Nonthermal microwave emission from frog muscles. Int J Infared
and Millimeter Waves 18:951-957.

Gilbert S. (2006) Developmental Biology. Sinauer Associates, New York.

Gilbert S, Sarkar S. 2000. Embracing complexity: Organicism for the 21st century. Devel
Dyn 219:1-9.

Grattarola M, Chiabrera A, Vlvianl R, Parodl G. 1985. Interactions between weak electro-
magnetic fields and biosystems: A summary of nine years of research. Electromag Biol
Med 4:211-226.

Haken H, Wunderlin A, Yigitbasi S. 1995. An introduction to synergetics. Open Systems
and Information Dynamics 3:97-130.

Harrington D, Becker R. 1973. Electrical stimulation of RNA and protein synthesis in the
frog erythrocyte. Exp Cell Res 76:95-98.

Hinkle L, McCaig C, Robinson K. 1981. The direction of growth of differentiating neurons
and myoblasts from frog embryos in an applied electric field. J of Physiology 314:121-
135.



Electromagnetic resonance and morphogenesis 319

Hossein-Zadeh M, Vahala K. 2006. Fiber-taper coupling to whispering-gallery modes of
fluidic resonators embedded in a liquid medium. Optics Express 14:10800.

Hush J, Overall R. 1991. Electrical and mechanical fields orient cortical microtubules in
higher plant tissue. Cell Biol Int Reports 15:551-561.

Johnson K. 2011. Terahertz vibrational properties of water nanoclusters relevant to biolo-
gy. J Biol Phys 38:85-95.

Johnson K, Price-Gallagher M, Mamer O, Lesimple A, Fletcher C, Chen Y, Lu X, Yamagu-
chi M, Zhang X. 2008. Water vapour: An extraordinary terahertz wave source under op-
tical excitation. Phys Lett A 2008:6037-6040.

Julien A, Guillon P. 1986. Electromagnetic analysis of spherical dielectric shielded resona-
tors. IEE Trans Micro Theory Tech MTT-34:723-729.

Kiraz A, Dundar M, Demirel A, Doganay S, Kurt A, Sennaroglu A, Yuce M. 2007. Single
glycerol/water microdroplets standing on a superhydrophobic surface: Optical microcav-
ities promising original applications. J Nanophotonics 1:1-11.

Koch A, Meinhardt H. 1994. Biological pattern formation: from basic mechanisms to com-
plex structures. Reviews Mod Phys 66:1481-1494.

Krizek B, Fletcher J. 2005. Molecular mechanisms of flower development: An armchair
guide. Nature Reviews Genetics 6:688-698.

Lednev V. 1991. Possible mechanism for the influence of weak magnetic fields on biological
systems. Bioelectromagnetics 12:71-75.

Levin M. 2003. Bioelectromagnetics in Morphogenesis. Bioelectromagnetics 24:295-315.

Levin M. 2009. Bioelectric mechanisms in regeneration: Unique aspects and future perspec-
tives. Sem Cell Dev Biol 20:543-556.

Lin H, Eversole J, Campillo A. 1992. Spectral properties of lasing microdroplets. J Optics
Society America: B 9:43-50.

Loboda O, Goncharuk V. 2010. Theoretical study on isohedral water clusters. Chem Phys
Lett 484:144-147.

Mabuchi H, Doherty A. 2002. Cavity quantum electrodynamics: Coherence in context.
Science 298:1372-1377.

Malho R, Feijo J, Pais M. 1992. Effect of electrical fields and external ionic currents on
pollen tube orientation. Sex Plant Repro 5:57-63.

Meinhardt H. 1996. Models of biological pattern formation: common mechanisms in plant
and animal development. Int J Dev Biol 40:123-134.

Mlynczak G. 2005. The far-infrared spectrum: Exploring a new frontier in the remote sens-
ing of Earth's climate. NRC

Nelson S, Trabelsi S. (2005) Permittivity measurements and agricultural applications. In:
Kupfer K (ed) Electromagnetic Aquametry. Springer, New York, pp 419-442.

Nilsson S, Petersson N, Sjogreen B, Kreiss H. 2007. Stable difference approximations for
the elastic wave quation in second order formulation. SIAM J Num Analy 45:1902-
1936.

Okaya A, Barash L. 1962. The dielectric microwave resonator. Proceedings of the IRE
50:2081-2092.

Pall, M. 2013. Electromagnetic fields act via activation of voltage-gated calcium channels to
produce beneficial or adverse effects. J Cell Mol Med. 17: 968-965.



320 Alexis Pietak

Pietak A. 2011a. Electromagnetic Resonance in Biological Form: A Role for Fields in Mor-
phogenesis. J Phys Conf Series. 329: 012012.

Pietak A. 2011b. Endogenous electromagnetic fields in plant leaves: a new hypothesis for
vascular pattern formation. Electromag Biol Med 30:93-107.

Pietak A. 2012. Structural Evidence for Electromagnetic Resonance in Plant Morphogene-
sis. BioSystems. 109:367-380.

Pohl H. (1978) Dielectrophoresis: The behaviour of neutral matter in nonuniform electric
fields. Cambridge University Press

Pokorny J, Hasek J, Jelinek F, Saroch J, Palan B. 2001. Electromagnetic activity of yeast
cells in the M phase. Electro and Magnetobiology 20:371-396.

Popp F, Walburg M, Schlebusch K, Klimek W. 2005. Evidence of light piping (meridian-like
channels) in the human body and nonlocal emf effects. Electromag Biol Med 24:359-
374.

Popp F, Yan Y. 2002. Delayed luminescence of biological systems in terms of coherent
states. Physics Letters A 293:93-97.

Pozar D. (1998) Microwave Engineering 2nd Ed. Wiley, New York.
Preparata G. (1995) QED Coherence in Matter. World Scientific, London.

Righini G, Dumeige Y, Feron P, Ferrari M, Nunzi Conti G, Ristic D, Soria S. 2011. Whisper-
ing gallery mode microresonators:Fundamentals and applications. Rivista del Nuovo
Cimento 34:435-449.

Schneider M, Evenson K, Johns J. 1996. Far-infrared continuous-wave laser emission from
H20 and from NH3 optically pumped by a CO laser. Optics Letters 21:1038-1039.

Sheen J. 2008. Losses of the parallel-plate dielectric resonator. IET Microwaves, Antennas
and Propagation 2:221-228.

Sipahioglu O, Barringer S. 2003. Dielectric properties of vegetables and fruits as a function
of temperature, ash, and moisture content. Food Eng Phys Prop 68:234-239.

Turing, AM. 1952. The chemical basis of morphogenesis. Philosophical Transactions Royal
Society London B. 37-72.

Vahala K. 2003. Optical microcavities. Nature 424:839-846.

Vij J, Simpson D, Panarina O. 2004. Far infrared spectroscopy of water at different tem-
peratures: GHz and THz dielectric spectroscopy of water J Molecular Liquids 112:125-
135.

Yadav R, Singh I. 2004. Normal modes and quality factors of spherical dielectric resonators:
I - Sheilded dielectric sphere. Pramana 62:1255-1271.

Yan Y, Popp F, Sigrist S, Sclesinger D, Dolf A, Yan Z, Cohen S, Chotia A. 2005. Further
analysis of delayed luminescence of plants. J Photochemistry and Photobiology B
78:235-244.

Zhang J, Grischkowsky D. 2003. Whispering gallery mode cavity for terahertz pulses. J
Optics Society America: B 20:1894-1904.

Zhao M, Forester J, McCaig C. 1999. A small, physiological electrial field orients cell divi-
sion. PNAS 96:4942-4946.



