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Abstract
It is widely accepted that microorganisms are social beings. Whereas communication via chemical
signals (e.g. quorum sensing) has been the focus of most investigations, the use of physical signals
for microbial cell-cell communication has received only limited attention. Here, I argue that
physical modes of microbial communication could be widespread in nature. This is based on
experimental evidence on the microbial emission and response to three physical signals: sound
waves, electromagnetic radiation, and electric currents. These signals propagate rapidly and, even
at very low intensities, they provide useful mechanisms when a rapid response is required. I also
make some suggestions for promising future research avenues that could bring novel and
unsuspected insights into the physical nature of microbial signaling networks.

Can microbial conversations get physical?
Communication is by definition a process of information (signal) exchange between a
sender and a receiver through a common medium. Quorum sensing enables microorganisms
to communicate chemically by responding coordinately to the accumulation of extracellular
chemical signals (autoinducers) and reprogramming gene expression as a function of cell
density [1]. Experimental evidence is also available that indicates that microorganisms can
generate and respond to physical signals such as sound waves, electromagnetic radiation and
electric currents [2–6]. However, the technical challenges associated with probing microbial
physical signaling networks at the intensities and time scales required have for long limited
this field of research. As a result, the role of physical signals as information carriers has
received only limited attention.

Recent technological advances now enable the physical probing of microbial cells with
unprecedented sensitivity, and the detection, characterization and quantification of physical
signals that could function in cell-cell communication. These new approaches provide the
intellectual framework to reinterpret early work on physical signaling and support the notion
that physical modes of microbial communication are widespread. Here I describe the
available evidence that supports the role of sound waves, electromagnetic radiation, and
electric currents in cell-cell communication with a focus on microorganisms, both
prokaryotic (bacteria) and eukaryotic (yeast and protozoa). I also provide my opinion about
the limitations of these studies, outstanding questions, and what I consider the most
promising directions to advance this field of research. Unlike chemical signals, physical
signals are subjected less to diffusion constraints and can propagate through a wide range of
media, including cells, which I propose can enable faster cellular responses. I also present
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evidence that links physical signaling to the metabolic status of the emitting and recipient
cells, and speculate about the possibility that the energy carried in these signals is the real
‘language’ used in physical modes of microbial communication. With this Opinion, I hope
to stimulate research in this controversial, yet exciting, field of research that has only been
marginally explored.

‘If microorganisms could talk…’: cell-cell communication via sound waves
The ability of cells to communicate with sounds was suggested based on the observation that
sound waves stimulated the growth of Bacillus carboniphilus under stress conditions [2].
Though unable to grow in high salt concentrations or at high temperature [7], growth was
stimulated by neighboring cells of the same or different species grown on a separate plate
stacked on top and regardless of the presence of a separating 2 mm iron barrier to prevent
the exchange of volatile substances [8]. Growth under non-permissive conditions was also
stimulated by specific sound frequencies applied with an external speaker [2] and by
including in the growth medium carbon materials, such as graphite or activated charcoal,
known to convert external electromagnetic radiation into sound [9]. These results suggested
that the growth-stimulating signal was physical and, possibly, sonic in nature. Interestingly,
although no sound waves were detected from dense lawns of B. carboniphilus and other
bacteria and yeast, Bacillus subtilis produced reproducible sound spectra [2]. The average
spectrum had three broad frequency peaks that matched well with the B. carboniphilus
growth-promoting frequencies. Thus, these early studies suggested that some microbial cells
might be able to communicate using sounds.

Intracellular motions and sound communication
Sound waves are generated when objects vibrate. Essential cellular processes, such as the
activity of molecular motors and the cytoskeleton, enzymatic reactions, chromosome
packaging and replication, transcription, and protein synthesis, folding or unfolding,
generate forces that induce intracellular motions [10–19]. The polar oscillation of proteins
during cell division [20] or cytoskeleton assembly [21] also contribute greatly to the
dynamics of the cell interior and generate polarizing ionic currents inside the cell and
charge-induced nanoscale motions. The global effect of intracellular motions is that cells
and their components vibrate. Using the sensitivity of an atomic force microscope (AFM) to
probe cellular nanomechanics in an acoustically insulated environment, Pelling et al.
demonstrated that the cell wall of single, living cells of Saccharomyces cerevisiae exhibited
local, periodic nanoscale motions of similar average amplitude (3.0 ± 0.5 nm), yet variable,
temperature-dependent frequencies (0.9–1.6 kHz) [22]. These results not only demonstrated
that intracellular motions were strong enough to propagate across the stiff yeast cell wall,
they also showed they could generate reproducible acoustic signals. Furthermore, the
motions disappeared after treatment with the metabolic inhibitor sodium azide, suggesting
they had a metabolic origin. The oscillations of single cells had activation energies (58 kJ/
mol) and velocities such as those reported for cytoskeleton motors. The magnitude of the
forces (~10 nN) was such that it would have required the concerted action of several
molecular motors, as expected of a dedicated system that transmitted the metabolic status of
the cell as mechanical vibration and sound [22].

Can sounds carry information for cell-cell communication?
The transduction of intracellular motions into external sounds supports the idea that cells
emit sound waves to carry information about their metabolic status. The metabolic status
reflects the internal energy of the cell, and, therefore, is likely to modulate the intensity and
frequency of the vibrations and acoustic signals that are generated (Figure 1a). The
amplitude of the sound wave measures its intensity, i.e., the amount of energy in the wave,
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and correlates well with the intensity of the cell’s vibration. Intensity also determines how
far sound waves can travel. With sufficient intensity (and adequate frequency), the sound
signal could reach a receptive cell with enough force so as to induce it to vibrate. The
induced vibrations could modulate the recipient’s metabolism. The same activation energies
of the yeast’s cell wall oscillations [22] activate or deactivate DNA regulatory proteins [23].
Even low frequency conformational vibrations resulting from changes in DNA hydration
and counter-ion binding can affect promoter structure and DNA-protein binding interactions
and modulate gene expression [24, 25]. External sources of energy that, similar to sound
waves, trigger nanoscale motions and polarization in the cell have also been linked to
changes in gene expression and cell growth [26–28], enzymatic activity [29] and the
expression of genes involved in energy metabolism [30]. Sound signals could also be
transduced by specific membrane receptors. Mechanosensitive ion channels, widespread
among microorganisms, allow the influx of ions and internal polarization in response to
stretch forces in the lipid bilayer, thereby providing a mechanism for the reception and
transduction of sound signals [31].

Because sound waves spread by inducing the vibration of particles in the propagating
medium, the energy of the sound wave is ‘diluted’ progressively. This creates gradients of
energy analogous to the chemical gradients of autoinducers in quorum sensing, which
ultimately determine the maximum ‘calling’ distance for effective communication [32].
Therefore, cells in communal settings, such as colonies, biofilms and microbial mats, are
likely candidates to benefit from sound communication. Such close populations would allow
the rapid propagation and detection of sounds, even at low intensities, and could cooperate
to amplify the sound signal from individual cells (Figure 1b).

An interesting aspect of sound signaling that deserves further study is the role that sound
frequency has in cell-cell communication. Every particle has a unique natural frequency of
vibration and, therefore, produces a distinctive sound, very much like voice tonality and
pitch in humans. Not surprisingly, the acoustic frequency ranges of signals emitted by yeast
cells (0.9–1.6 kHz) [22] differed substantially from the signals emitted by colonies of B.
subtilis (8–43 kHz) [2]. Furthermore, temperature, which modulates the metabolic activity
of the cell and its intracellular vibrations, affected the specific frequency, but not the
intensity, of the yeast’s oscillatory motions [22]. Hence, sound frequencies could provide
information about the sender and its metabolic status. Furthermore, mechanical systems such
as microbial cells absorb more energy when the frequency of the incoming vibration
matches their natural frequency of vibration, a process known as mechanical resonance. This
suggests that cells could be more receptive to the sounds generated by cells of the same
species and could even sense their own frequencies in a noisy environment, thereby
providing a mechanism to differentiate friends from foes.

Communication via biophotons
Many organisms, from bacteria to fish, can generate electromagnetic radiation or ‘light’
(Box 1) from exergonic chemical reactions involving specific substrates and enzymes, a
process known as bioluminescence [33]. Yet a wide range of non-luminous microorganisms,
including bacteria, yeast and protozoa, emit ‘biophotons’ as an ultraweak type of radiation
covering the visible and/or near-infrared spectrum [34–37]. Remarkably, the reciprocal
emission and response to biophotons has been demonstrated in a few microorganisms.
Studies with Escherichia coli populations grown in a glass cylinder separated by a clear or
opaque glass window (to permit, respectively, the passage of light or to filter visible and UV
light) demonstrated reciprocal interactions between the neighboring populations only when
separated by the glass window [3]. In general, growth was stimulated in cultures separated
with a clear glass window compared to the controls, suggesting that wavelengths in the
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visible ranges or longer were necessary to induce a biological response. Light emissions
between 450–800 nm were measured between the cultures using two identical photon-
counting machines and showed a direct link between biophoton emission in the visible and/
or near-infrared region and the growth parameters. Interestingly, the correlation between
culture density and radiation was not linear, a phenomenon that has been observed in other
organisms [38] and deserves further investigation. Nevertheless, these results are in
agreement with studies in mammalian cells and other bacteria that suggest that visible and/or
infrared radiation can function as an information carrier [36,37,39]. Although biophoton
emission has been linked to intracellular increases in reactive radicals [34,40,41], similar
reciprocal interactions were reportedly reproduced after treating the cultures with laser
irradiation, which decreases the levels of radical formation inside the cells [3]. This suggests
that other cellular mechanisms can generate biophotons as well.

Box 1

The electromagnetic radiation spectrum

The electromagnetic spectrum spans a broad range of wavelengths, from X-rays to radio
waves, with characteristic frequencies and energies (Figure I). As a result, each type of
radiation has unique properties and must be considered independently. In general,
radiation below the visible wavelengths carries enough energy to ionize molecules and
atoms and be lethal to microorganisms. Except for a few, rare resistant microorganisms,
ultraviolet (UV) irradiation leads to the formation of highly reactive radicals and directly
damages DNA beyond repair. Because of the ionizing power of radiation below the
visible spectrum, it is unlikely to be relevant in cell-cell communication. On the other
hand, radiation above the low infrared has broader wavelengths than the average size of
microbial cells to be relevant for signaling. This narrows down the electromagnetic
radiation that could serve as an information carrier for microbial cell-cell communication
to the visible (400–750 nm) and near-infrared (750–2500 nm) region of the spectrum,
also known as biophoton emission. Ultraweak UV photon emission (mitogenetic
radiation) has been reported as a microbial signal [80], yet these studies often used
detection systems lacking the sensitivity required for measurements in the UV region.
Thus, whether this type of radiation can function as an information carrier in
microorganisms remains to be determined.

A recent study [4] with the protozoan Paramecium caudatum also showed a reciprocal
response of large and small populations separated by materials that transmitted (quartz) or
blocked (glass) UV wavelengths (250–340 nm). Because of the variability inherent to
working with heterogeneous cultures, random combinations of cultures and controls were
used for each separating material and the significance of the results was evaluated with
statistic tests. Positive or negative effects in growth, cell division and energy-uptake were
observed as a function of the separating material and the density of the cultures acting as
senders or receivers. Although biophoton exchange was not directly measured nor was a
particular biological response conclusively associated to a specific type of radiation, this
study suggested that a cell-cell communication system via electromagnetic radiation of
specific wavelengths and frequencies was operative.

Can biophoton communication be biologically relevant?
Spontaneous biophoton emission has, in general, been linked to metabolic disturbances that
generate reactive oxygen species such as in stationary phase and under conditions of
chemical or physical stress [34,40–43]. Yet all microorganisms have some degree of
emission, suggestive of an intrinsic physical property of the cell, rather than a metabolic
aberration resulting from the tendency of the disturbed system to return to thermal
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equilibrium. An explanation that I favor is that biophoton emission is a consequence of a
delocalized coherent electromagnetic field formed inside the cell [44]. Microbial cells are
subjected to longitudinal polar oscillations of proteins, such as during cell division [20] and
the assembly of asymmetric cellular appendages such as flagella, pili or stalks [45], that
displace cytoplasmic ions from pole to pole. The continuous motion of charged particles
inside the cell generates an electromagnetic field and, therefore, a potential source of
electromagnetic radiation. Mechanical, thermal and chemical stresses, metabolic activity,
and growth stage can modulate the intracellular ionic currents and, hence, biophotonic
activity.

Unlike sound waves, electromagnetic radiation does not depend on vibrations for
transmission. Hence, it does not require a medium for propagation and decays very slowly
[38]. Because of this, biophotons can theoretically propagate without progressive dilution
and as a function of the intensity of the signal. Disturbances of the cell’s thermal equilibrium
could regulate the intensity of the signal and, therefore, how ‘loud’ it is. According to
Kirchhoff's law, at thermal equilibrium, the emission of electromagnetic radiation by a
system equals its absorption. This suggests that emitting cells also can absorb incoming
radiation. The intensity and frequency of the radiation could also finely regulate how
‘receptive’ a cell is to the incoming radiation. Cells might also use specific membrane
receptors to sense incoming biphotonic activity. The observed spectral ranges for biophoton
emission are in the region of the spectrum (ca. 400–750 nm wavelengths) that provides the
energy for microorganisms with light-dependent energy transduction mechanisms [46].
These organisms use dedicated photoreceptors for light transduction, yet genes encoding
homologues of photosensory receptors are widespread in chemotrophic, non-phototrophic
microorganisms [47] and could provide a conserved mechanism for the use of light in cell-
cell communication.

‘Wired’ electronic networks for cell-cell communication
Extracellular electron transfer via microbial nanowires

The defining property of all life forms is the generation of energy through electron transfer
processes such as respiration, photosynthesis, and elemental cycling. In dissimilatory metal-
reducing microorganisms such as Geobacter and Shewanella the electrons are transferred
outside the cell and to Fe(III) oxide minerals, using, respectively, a direct contact
mechanism [48] and soluble mediators [49]. Electronic contact in Geobacter bacteria
requires the expression of type IV pili that, remarkably, do not mediate common pili
functions such as surface motility (twitching) and adhesion [5]. They are conductive and
required for metal respiration, suggesting they are the electrical connection between the cell
and the mineral. In the model organism Geobacter sulfurreducens, conductive pili are also
expressed in the absence of Fe(III) oxides when grown under suboptimal growth conditions
[50]. Thus, pili production is not specifically associated with the presence of metal oxides,
but rather with the physiological state(s) associated with suboptimal growth, which occurs at
lower temperatures, during growth transitions, and when G. sulfurreducens has to use
insoluble electron acceptors. Expression of conductive pili in the absence of Fe(III) oxides
also causes cells to agglutinate [50], a process that promotes direct exchange of electrons
between cells [51]. Furthermore, the pili also serve as structural and electronic conduits
between cells in biofilms formed on Fe(III) oxide coatings and electrodes [6,50]. Substantial
spacing also is observed among the biofilm cells, consistent with an electronic pathway in
which the pili transfer electrons along their length.

One of the interesting features of Geobacter’s pili is that they are conductive even at the low
voltages [5] that would be biologically relevant for electronic communication between cells
[52]. Furthermore, the resistance to electron flow is higher at low voltages than at high
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voltages [52]. High voltages such as those found between a cell and the Fe(III) oxide
mineral will, therefore, enable fast electron flow via pili. In contrast, the low (±300–400
mV) redox potentials of microbial cells [53] would favor the controlled flow of electrons via
the high resistance pathway and as a function of the differential potential, and, therefore, the
metabolic status, of the connected cells. The retractable nature of bacterial pili [54] also
provides a mechanism to adjust the nanowire length and cell spacing for optimum electronic
communication between the most electronegative (sender) and the most electropositive
(recipient) cells [52] (Figure 2a).

Similar to other bacterial pili, Geobacter pili are formed by polymerization of a single pilin
peptide subunit. However, the Geobacter pilin gene is quite divergent and forms an
independent line of descent within the family Geobacteraceae [5], suggesting that electrical
communication via conductive pili might be widespread in this bacterial family. Other
bacteria such as Shewanella oneidensis, which are phylogenetically distant from Geobacter,
also produce conductive conduits between their cells that are composed of c-cytochromes
[55], suggesting that, despite mechanistic differences, wired networks might operate in other
bacteria.

Wired electronic communication in the environment
The discovery of microbial nanowires as cellular electronic conduits supported the notion
that wired electronic networks could act as carriers of information between cells in the
environment. Laboratory studies using saturated sand columns inoculated with S. oneidensis
linked the production of nanowire-like structures to the appearance of electrical potentials
corresponding to the chemical reactions carried out across the sediments [56]. As shown in
Figure 2b, electric currents also couple discreet biogeochemical processes across marine
sediments, from oxygen consumption in the aerobic layers to hydrogen sulphide and organic
carbon oxidation in the deep, anaerobic sediment layers [57]. Despite the spatial separation
of the two processes (ca. 12–19 mm), O2 consumption in the top layers was rapidly (less
than 1 h) coupled to the oxidation of hydrogen sulphide and organic carbon in the sediment
depths, thereby ruling out chemical diffusion. A distinct pH peak was also measured during
O2 consumption, consistent with a process such as the transport of electrons that generates
protons. The electric currents directed to the anoxic zone enabled the consumption of ca.
40% of the total O2 in the upper layers, demonstrating that electronic networks contribute
greatly to the biogeochemical processes of the sediments. These studies help explain why
burying electrodes in sediments harnesses an electric current [58], a process that also
requires the electrical connections of Geobacter’s pili [6,59]. The current densities measured
across the sediments [57] also correlated well with the current densities measured for
sediment electrodes [58], consistent with a similar biological mechanism for the propagation
of the electric currents. Most importantly, these studies also suggest that many
microorganisms could be connected in these natural power grids. However, we know very
little about the microbial diversity of these electronic networks and the interactions among
their integrants.

Is electronic communication a widespread form of microbial cell-cell communication?
Although knowledge about electronic communication is set to advance quickly thanks to
studies of nanowire-producing bacteria, all microorganisms are likely to communicate
electrically at some level due to their polarizable nature. Well known examples are the
electrical reorientation of cells and voltage-directed swimming patterns (galvanotaxis or
electrotaxis) [60] and cell growth reorientation (galvanotropism) [61,62]. The plasma
membrane gives cells a net electrostatic charge [63,64] and a fluidic medium for the charge-
dependent diffusion of membrane-associated proteins [64,65]. Electrical stimulation can
directly modulate the activity of membrane-bound ion channels and control intracellular ion
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fluxes and cell polarization [60,62,66]. Electrical signals also change the membrane
potential and promote the reorganization of anionic phospholipids and formation of
localized charge and permeability foci that attract membrane proteins, including ion
channels, and regulate their activity [64,67,68]. Membrane phospholipids also have intrinsic
curvature tendencies and preferentially localize to regions of the cell with the highest or
lowest curvatures [69,70]. These defined lipid domains anchor intracellular hyperstructures
and provide a pathway that links changes in the membrane’s potential to essential biological
processes such as DNA replication, chromosome segregation, and cytokinesis [69].

Voltage-activated ion channels also are widespread in the three domains of life [71] and
could serve as specific membrane receptors for electrical signals. Similar to their eukaryotic
counterparts, the prokaryotic voltage-dependent channels studied thus far are ion-specific
and voltage-gated, but the gating speeds and kinetics differ significantly [72,73]. This
suggests that each receptor has evolved to respond to particular electrical signals. Once a
specific threshold voltage is reached, the channels open and allow the passage of positively
charged ions inside the cell. This makes the cell more electropositive and favors the opening
of more channels. The polarization changes are coupled to transcriptional regulation [74]
and provide yet another mechanism for cell reprogramming as a function of the electrical
signal being received.

Thus, the polarizable nature of microbial cells provides mechanisms to control the cell’s
electrical potential and its ability to act as sender or receiver of electric signals as a function
of its redox status. The medium used to propagate the electric signal need not be restricted to
nanowires. Other forms of signal propagation also might be possible, including ionic or
metallic conductance through the extracellular medium, which could be relevant in biofilms
and in sediments with conductive minerals, respectively, or direct cell-cell contact.

Why physical signaling?
The evolutionary significance of physical modes of communication can be best understood
when compared to chemical communication. Regardless of the nature of the chemical
signal, quorum sensing requires substantial energy expenditure for the synthesis of the signal
and cognate receptor. The signal also must be synthesized in sufficient quantities to reach
the minimum threshold of detection by the cognate receptor and account for its diffusion and
dilution. In contrast, physical signals require minimum energy investment because they
operate at low intensities and use the energy liberated from natural cellular processes. For
example, the metabolic activity and growth rate of a cell increase in environments rich in
nutrients. This also increases the oscillatory motions and polarization of the cell that lead to
the production of sound waves, electromagnetic radiation or electrical signals. In this
manner, the ‘excess’ energy can be used to generate and transmit physical signals. Once
they reach a recipient cell, they induce its vibration and/or polarization. The intensity and
frequency of the incoming signal as well as the metabolic status of the recipient cells will
ultimately determine the recipient’s response and how ‘receptive’ it is to the incoming
signal.

At low intensities physical signals provide a fine-tuning mechanism for cells to
communicate their energy status and coordinately dissipate excess energy cooperatively to
maximize the use of the available resources. However, above a particular intensity threshold,
such as when the cell is under conditions of stress or high cell density, the signals could
carry too much energy and be too ‘loud’. Such loud signals could even function as cellular
alarm systems and induce dispersal or reprogrammed cell death similarly, for example, to
how the frequency and intensity of ultrasonication can have growth-promoting effects or be
a powerful particle dispersing or disinfecting agent depending on [75]. Dispersal enables the

Reguera Page 7

Trends Microbiol. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



colonization of new, less adverse ecological niches, while specific frequencies could even be
used to prey on more sensitive cells of the same or different species as a means to increase
nutrient availability.

Physical signals also propagate faster than chemical signals because they are less limited by
diffusion. This provides a superior mechanism for cell signaling when a rapid response is
required. In addition, they can propagate across the cell envelope of a recipient cell and
directly affect enzyme activity and gene expression, thereby bypassing the requirement for a
cognate receptor on the plasma membrane. Mechanical deformations of the cell membrane
and generalized vibrations induced by physical signals can, for example, be transmitted
through intracellular protein matrices at the speed of sound [10], a rapid transmission
pathway that could provide cells with a response advantage.

The lack of diffusion constraints and the rapid propagation of the signal also make physical
signaling ideal for cell-cell communication over long distances. While the most frequent
‘calling distance’ reported for quorum sensing in the environment is in the low micrometer
ranges (and only exceptionally reaching millimeter ranges) [32], physical signals have been
reported to operate over millimeter to centimeter distances [2,4,57]. The distance that
physical signals, such as sound and light, can travel is dependent on the intensity of emission
and, in porous media, on its frequency. Because they can also to be sensed at very low
intensities, signals from single cells, individual cellular processes or the activity of single
molecules could produce an ‘audible’ signal for cells located at great distances.

Qualitative differences among the physical signals could also determine the mode of
communication used by different microorganisms. Sounds and light, for example, propagate
faster in non-porous media because scattering is minimized. They are therefore expected to
be more relevant for cell-cell communication over shorter distances or in non-porous
environments such as in colonies and biofilms. In contrast, electronic communication via
nanowires would be more effective in porous environments such as the Fe(III) and Mn(IV)
oxide-rich environments inhabited by dissimilatory metal reducers. This is because the
nanowires protrude from the cell and penetrate through the pores of the minerals for
increased access to the electron acceptors and other cells. Not surprisingly, nanowires have
been proposed to couple biogeochemical reactions that are spatially separated by millimeter
to centimeter distances [56,57].

Conclusions and future directions
Growing experimental evidence supports the notion that microorganisms can generate and
respond to signals that are physical in nature. However, many outstanding questions still
remain (Box 2). More work is needed to conclusively demonstrate that physical signals act
as carriers of specific information. Progress in this field can only advance as technical
barriers are overcome. Microbial cultures are metabolically heterogeneous and the physical
properties of individual cells or molecules are often masked in a culture or a colony. Probing
the physical behavior of single cells would be advantageous yet technically difficult.
However, the past years have witnessed the development of powerful methods and
instruments that could be applied to the study of microbial physical signaling. Nanoscale
voltmeters have been developed that enable the mapping of the electric field inside a cell
[76] and could revolutionize investigations on biophoton and electrical communication.
Ultra-low light detectors coupled to electron multiplier cameras are also available and have
been used to demonstrate biophotonic conduction along neural fibers [77]. Such sensitive
photonic sensing devices could greatly advance the field of biophoton communication and,
when coupled to nanomicroscopes, they could enable the detection and visualization of
electronic signals carried by microbial components in situ.
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Box 2

Outstanding questions

• What specific information do physical signals carry?

• Are physical signals transduced by specific cognate receptors on the membrane?

• Do microbial cells use specific, intracellular signaling networks or rely on
global, unspecific responses?

• How related are all types of physical signaling? That is, are they all
manifestations of the same physical phenomenon, such as the degree of
polarization of the cell?

• Could energy be the real ‘language’ in all modes of physical communication?

Because the cell envelope cannot function as a barrier for non-mechanical signals [78], the
possibility of cells having specific membrane-associated cognate receptors has never been
explored. Yet specific mechanosensors might have evolved to activate signaling cascades in
response to sound-induced vibrations, ultraweak radiation could be sensed and transduced
by dedicated photosensory receptors, and voltage-activated channels might participate in the
transduction of electrical signals. Similarly, little is known about how specific intracellular
physical signaling networks are. While global, unspecific responses such as intracellular
motions and polarization are known to participate in the transduction of physical signals,
microorganisms might employ dedicated signaling networks. Physical and chemical
signaling networks are intimately connected in the cell and it is challenging to dissect the
contribution of one and another with the sensitivity required to make meaningful
conclusions. However, genetic approaches, such as the isolation of mutants deficient in the
generation or response to the signal, coupled to sensitive methodologies for physical cellular
probing could provide fundamental insights into physical transduction in microbial cells.

The most outstanding question is perhaps how related all types of physical modes of
communication really are. The charge of the cell membrane, intracellular mechanical
motions, and polar oscillations are all fundamental physical properties of biological systems
that control the degree of ionic (electric) polarization inside the cell. The biological
consequence of the polarizable nature of microbial cells is that physical signals can be
interconverted similar to the conversion of physical signals in human telecommunication
(Figure 3). Some authors, for example, have suggested that the growth-promoting effects
that sound waves have on some microorganisms [2] can also be interpreted if
electromagnetic radiation, rather than a sound signal, was used as a communication carrier
[23]. Because all cells are charged systems and, therefore, electrically excitable, they could
also display optical properties and emit electromagnetic radiation, a process known as
electroluminescence [79]. This raises the question of how specific physical signals really
are. Because the unifying property of all physical signals is the energy they carry, energy
could be the specific information transmitted from cell to cell. After all, life is the interaction
of matter and energy. Physical signaling could be an ancestral language of all living forms
and, perhaps, a key code to decipher if we want to understand the microbial conversations
that have for so long remained inaudible.
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Figure 1.
Cell-cell communication via sound waves. (a) Correlation between the metabolic status
(and, therefore, the energy available inside the cell), the cell’s vibration, and the emitted
sound. The cell’s metabolic status determines the level of activity of cellular processes, such
as transcription and translation, that result in the generation of internal motions. These
motions appear to be able to produce a generalized vibration of the cell with characteristic
intensity and frequency that, therefore, would reflect its unique metabolic status. The
vibrations would propagate through the medium as sound waves. The intensity, or energy
contained in the wave, would control how far the signal can travel. The frequency, or the
‘pitch’ of the sound, would control whether a cell can ‘sense’ the incoming signal or not. If
the receiving cell is receptive to that particular frequency it will vibrate proportionally to the
intensity of the signal, and the vibrations might induce a biological response (e.g. growth).
This might also result in the emission of additional sound waves with unique characteristics
of intensity and frequency that could propagate to reach other cells. (b) Energy dissipation
and cell’s vibrational response as a result of sound communication enables the coordinately
dissipation of the energy of the cells. A coherent collective vibrational mode (bottom) is
reached when all the cells are ‘in tune’, which could amplify the signal.
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Figure 2.
Wired electronic networks. (a) The retractability of pilus nanowires could enable the control
of nanowire length as a function of the redox status of the cells that are connected to the
electronic grid, thereby promoting cooperative electronic dissipation. (b) The fast
dissipation of electrons via nanowire networks has been hypothesized to couple spatially
separated processes in the sediments, thus linking the reduction of oxygen (O2) in the upper,
oxic layers to the anoxic production of hydrogen sulphide (H2S) in the bottom layer of the
anoxic sediments [57]. Inset shows a fluorescence micrograph of Geobacter sulfurreducens
cells (red) connected by pilus nanowires (green, detected with anti-pilin antibodies).
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Figure 3.
Interconversion of physical signals in human communication networks (left) and microbial
analogs (right). In all panels, the sender is on the left, the receiver on the right, and
information carriers in the middle. In a manner analogous to the interconversion of sounds
and electric signals in fixed telephone lines, microbial cells might be polarized by incoming
sound waves of the correct frequency to control the flow of electrons and electric currents
generated or received by the cell and vice versa (top panel). Furthermore, the degree of
polarization could also control the electrical excitability of the cell and the intracellular
nanoscale motions that could induce sound-generating vibrations. The interconversion of
electromagnetic radiation (ER) [GT1]and sounds during radio broadcasting also could have
a microbial analog (bottom panel). The intracellular movement of charged particles that is
induced by sound waves could create an electromagnetic field and serve as a source of ER.
The reverse would be also possible: ER might induce mechanical vibration and polarization
of the cell, thereby enabling the generation of sounds and electric currents, respectively.
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Figure I.
The electromagnetic spectrum. Microbial sizes (for the unicellular protozoan Paramecium, a
Saccharomyces yeast cell and the bacterium E. coli) and radiation wavelengths (in
micrometer, μm) are shown on top. The name of the radiation, its frequency (kiloHertzs,
kHtz) and the energy of the photons (electron volts, eV) are shown below. Scales are
approximate. The shaded area of the non-ionizing radiation shows the region of the
spectrum that is likely to be relevant to microbial cell-cell communication.
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