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Introduction

Life has evolved, developed and is f lourishing nowadays in 
the permanent f luctuating f luxes of electromagnetic radiation 
of different frequencies and amplitudes. The electromagnetic 
waves are bringing information about the world and provide 
energy for the existence of living organisms. From the wide 
range of electromagnetic waves life chose narrow band of 400–
800 nm for vision, light perception and photosynthesis. The 
reasons are in energy of photons and nature of chemical bonds. 
Much higher energies are harmful and break molecules; much 
lower energies are not distinguished from the thermal noise (see 
examples below).

The short review is focused on physico-chemical mecha-
nisms of photobiological processes, conversion of photons into 
ion currents for further processing and on more specific aspects 
including perception of polarized light and light with unusual 
statistics, their role for biological systems and implications for 

biological research. The general preface starts from storage of 
energy in photosynthesis moving to mechanisms of light per-
ception and vision.

Basic Preface: Plants and Light

Quanta of light (photons) are caught by pigments in photo-
synthetic membranes of plants, algae and some bacteria. The pho-
tosensitive pigments are mostly represented by chlorophylls and 
bacteriochlorophylls absorbing photons; the spectral properties 
of the molecules are naturally selected for solar radiation reaching 
earth. Some algae live in deep waters with lower proportion of 
larger wavelengths, spectrum of radiation is shifted to green-blue 
side. The algae usually possess accessory pigments called phyco-
bilins to absorb photons within the range outside spectrum of 
chlorophylls and to transfer the energy to chlorophylls.

The next sequence of fast picosecond photochemical reac-
tions results in electric charge transfer between the sides of the 
membranes. The generated electric potential is used for downhill 
charge transfer; the energy is converted to energy of chemical 
bonds, mostly in ATP (adenosine triphosphate), so the energy 
can be stored for further biochemical reactions and membrane 
transport processes.1 The complex chain of reactions for ATP syn-
thesis requires large protein macromolecular complexes. Usually 
protons are passing via subunits of ATP-synthase to change the 
conformation of protein complex; finally it is released in ATP 
synthesis from ADP and inorganic phosphate P

i
.2,3

Energy E of photon (quantum of light) is determined by the 
equation:

E = h ν = h c/ λ
(1)

where ν is the light wave frequency, which is reverse propor-
tional to wavelength λ (c = λ*ν), h is Planck’s constant (about 
6.6 * 10-34 J*s) and c is the speed of light in vacuum (about 3*108 
m/s). The energies of single visible photons (400 – 700 nm, see 
below) will be then from 2.8 to 5 * 10-19 J (reverse proportional 
to wavelength). The values correspond to 170–300 kJ per mole 
of photons. For comparison, the standard energy of ATP hydro-
lysis is -30 kJ/mole and up to around -60 kJ/mole depending on 
pH, ATP, ADP and ion concentrations.4,5 The energy of a single 
photon is quite large and sufficient to provide synthesis of ATP 
molecule or start the cascade of signaling events. Taking into 
account that 1) much less than 1% of photosynthetically active 

*Correspondence to: Vadim Volkov; Email: vadim.s.volkov@
gmail.com and v.volkov@bio.gla.ac.uk
Submitted: 11/29/2013; Revised: 03/01/2014; Accepted: 03/03/2014;  
Published Online: 03/12/2014
Citation: Volkov V. Discovering electrophysiology in photobiology: A brief 
overview of several photobiological processes with an emphasis on electro-
physiology. Communicative & Integrative Biology 2014; 7:e28423; http://dx.doi.
org/10.4161/cib.28423

Discovering electrophysiology in photobiology
A brief overview of several photobiological processes  

with an emphasis on electrophysiology
vadim volkov*

Faculty of Life Sciences and Computing; London Metropolitan University; London, UK

Keywords: Photobiology, electrophysiology, polarized light, rod cells, dark noise, statistics of photons, optogenetics, quantum dots

The mini-review gives special attention to holistic approach 
and mechanisms of processes. The physical and chemical 
frames and background for visual perception and signaling are 
discussed. Perception of photons by retinal rod cells is described 
in more detail starting from photon absorption and culminat-
ing in ion currents. Dark noise and temperature-dependence of 
photocurrents in photoreceptor cells are analyzed. Perception 
of polarized light, its effects and informational importance are 
discussed based on underlying mechanisms and specialized 
morphological structures of biological organisms. Role of statis-
tics of photons in photoreception is questioned. The review also 
pinpoints new and developing directions and raises questions 
for future research.
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solar radiation is transformed to energy of photosynthetic prod-
ucts and 2) efficiency of photosynthesis is around 1–3%,1 plants 
are not ideal biochemical convertors of light. Biosphere is rather 
wasting solar radiation and life is not limited by energy demands, 
having the other intrinsic and external (e.g., water resources, car-
bon and nitrogen availability, temperature etc.) regulators, limi-
tations and reasons for development.

Apart from absorbing energy of light in photosynthesis, plants 
also have photoreceptor systems including several phytochromes, 
cryptochromes and phototropins, they respond to very low inten-
sity of different light wavelengths and have regulatory functions.6 
Recently discovered plant receptor UVR8 for the range of UV-B 
light complements the earlier known receptors (reviewed in ref. 
7).

An interesting phenomenon exhibited by some bacteria is 
direct transformation of light energy to electric fluxes of ions. 
Light-driven proton pump bacteriorhodopsin is an integral 

membrane protein of some halobacteria (studied in detail for 
Halobacterium halobium); it pumps protons out of cell at 
the expenses of absorbed photons.8 Green unicellular algae 
Chlamydomonas reinhardtii and some others possess ion chan-
nels channelrhodopsins, which are directly regulated by light.9,10 
Several channelrhodopsins were studied and characterized in 
detail (e.g., and reviewed in11-13) (Fig. 1 and see later).

Light responses in photosynthesis and by photoreceptor cas-
cades are registered by many ways and methods, from picosec-
ond changes in spectral properties of photosynthetic pigments, 
conformational transitions of proteins, migration of small mol-
ecules, signaling events within and between cells, slow changes in 
membrane potentials of cells (Fig. 2) etc. to accumulation of new 
pools of synthesized organic molecules-photoassimilates.1

Simple Scheme of Photoinduced Events  
in Retinal Cells

Vertebrate animals, invertebrates and the other non-photosyn-
thetic organisms get visual information using specialized organs. 
Eyes of vertebrates are very sensitive. The estimate for the lower 
limit of human eye sensitivity is about 100 photons, which will 
correspond to about 10–20 photons reaching photoreceptor cells 
due to absorption and reflection.15 Eyes contain retinal layer with 
photoreceptor cells, which includes 1) millions of more sensitive 
rods for lower illumination or night vision and may have 2) usu-
ally smaller number of less sensitive cones for color vision.16 Rods 
are oblong cells (Fig. 3) with numerous stacked disks at the outer 
(distal) part; the disks are formed by membranes with photosen-
sitive pigment rhodopsin.16 The number of disks is quite large, for 
example about 1000 for a mouse rod; then about 105 rhodopsin 
molecules per disk will result in nearly hundred millions of rho-
dopsin molecules per a mouse rod (reviewed in17).

The structure of rhodopsin is well studied: the protein part 
is called opsin, which is 30–50 kDa seven transmembrane 
G-protein coupled receptor (e.g., reviewed in17,18); the chro-
mophore is 11-cis-retinal, which photoisomerizes to all-trans-
retinal after absorbing a photon.19 Photochemistry of rhodopsin 
isomerization with picosecond rate constants and several inter-
mediates is also well known: isomerization has quantum yield of 
over 0.6 and the energy barrier is nearly 190 kJ/mole for primary 
reaction (energy difference is slightly over 130 kJ/mole between 
rhodopsin and the first photoproduct bathorhodopsin), quan-
tum yield is about 0.1 for one of the later steps (reviewed in ref. 
20). Smaller values for activation energy around 100–120 kJ/
mole were also reported, though there are variations between 
species and experimental conditions (reviewed in ref. 21).

Most adult insects have compound eyes, which are composed 
of thousands similar units called ommatidia. Each ommatid-
ium has generally eight photoreceptor cells with rhodopsin.22

For an unaided human eye the visible wavelengths are lim-
ited by 400 nm – 700 nm,16 from violet to red colors. Insect eyes 
have slightly different wavelengths of light perception, from 
below 300 nm to over 700 nm.23 The difference in UV range 
is explained by the secondary UV-absorbing chromophore in 

Figure 1. Channelrhodopsins are light-gated ion channels from green 
algae. After a flash of illumination the protein molecule of ion channel 
temporarily changes conformation due to isomerisation of molecule 
of retinal bound to lysine of the protein (compare with rhodopsin, see 
below). it allows selective passage of cations according to electro-
chemical gradient (Na+ selectivity is depicted); within a short time (mil-
liseconds to seconds depending on the protein structure) the channel 
returns to the initial conformation and ion current stops.

Figure  2. Typical recording of membrane potential in cells of the 
emerged blade of the growing leaf 3 of barley, and the response of 
membrane potential to changes in illumination and further addition 
of NaCl (100 mM) to the root medium. Several phases of responses 
with different kinetics were observed upon changes in illumination 
(18 experiments with 9 plants). Light was supplied using fiber optics 
from the cold light source at the background of dim illumination in the 
electrophysiological rig. The figure is from14 with permission from the 
Oxford University Press, extra information about the recordings is pro-
vided by v volkov.
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some insects, the sensitizing pigment can transfer the energy 
further to the primary photopigment.22

The sequence of events from a photon hitting a rod cell to 
the registered photocurrent of the cell is deciphered in verte-
brates (reviewed in ref. 24) (Fig. 4). Rhodopsin absorbs a photon 
and isomerizes to metarhodopsin; both proteins were crystal-
lized and resolved structurally (refs. 25 and 26 correspondingly). 
Metarhodopsin has a short life half-time, so special approaches 
were used to crystallize this G-protein coupled receptor.26 The 
next step is activation of transducin. Transducin is G-protein, 
which is composed of α, β and γ subunits. Transducin later-
ally diffuses on the surface of disk membrane, interacts with 
activated rhodopsin (the spectroscopic intermediate metarho-
dopsin II) and changes bound GDP for GTP (reviewed in refs. 
24,27,28). Active form of transducin is α-subunit-GTP, two 
activated subunits bind to phosphodiestherase PDE and activate 
it. PDE hydrolyses cGMP to GMP and decreases concentration 
of the cyclic nucleotide in a cell. Sharp drop in cGMP closes 
cyclic nucleotide gated channels, which are regulated (gated) by 
bound cGMP. Under low cGMP the channels are closed, while 
they are in an open state in darkness under higher micromo-
lar concentration of cGMP.29 Rod cell membrane hyperpolar-
izes having closed cyclic nucleotide gated channels, so the initial 
absorption of photon expresses finally in the change of the mem-
brane potential and corresponding ion current, which is further 
passed to neurons (reviewed in refs. 24,27,28).

The amplification of signal in a rod cell is happening in 
the cascade: metarhodopsin R* can activate up to hundreds 
of G-protein transducin molecules (G) molecules.24,30 Rate of 
activation is around 125 G* s-1 per R* for amphibian rods at 
room temperature and about 3 times higher in mammalian 
rods at body temperature.28 Further on in darkness metarho-
dopsin, activated forms of tranducin and phosphodiestherase 
are deactivated, concentration of cGMP is increasing and mem-
brane depolarizes again; the processes add time components 
and kinetics to the development of the events (reviewed in ref. 
31). Inactivation includes several steps, for R* in mouse rods 
the activity is quenched with half-time about 50–80 ms32,33 by 

successive reactions of phosphorylation by rhodopsin kinase and 
binding of the protein arrestin (reviewed in ref. 31).

The kinetics of induced photocurrent in rods (Fig. 5) is rea-
sonably modeled by several equations, which take into account 
kinetics of the reactions (rhodopsin to metarhodopsin, activa-
tion of transducin, phosphodiestherase, drop in cGMP and 
closure of ion channels), include diffusion, rod morphology 
and inactivation kinetics (e.g. refs. 31 and 35). Higher num-
ber of photons increases the photocurrent by activating more 
rhodopsin molecules; the response is nonlinear and reaches 
saturation at around eg 20,000 photons per light pulse for 
Xenopus rod.36 Numerous mutations affecting components of 
the signal transduction chain for photon perception are known, 
some of them have an effect on photocurrent and its’ kinet-
ics (reviewed in ref. 31). Surprisingly stable and reproducible 
kinetics of photocurrent upon a given number of photons pro-
vides robust and reliable information about the light source. 
The rod photoreceptor could be considered like a natural 
example of engineering with numerous feedbacks; inactiva-
tion components are especially important for ensuring repro-
ducible responses.37 For example, C-terminus of rhodopsin has 
6 phosphorylation sites, which are important for inactivation 
of activated R* and reproducible kinetics of photocurrent; 

Figure 3. Microscope image of isolated Xenopus laevis retinal cells (A) and a rod cell from the preparation (B). Scale bar is 120 μm (A) and 30 μm (B).

Figure  4. Signal transduction chain in a vertebrate retinal rod start-
ing from a photon hν and leading to cyclic nucleotide gated channels. 
Closure of the ion channels after drop in cGMP results in membrane 
hyperpolarisation and stops inward ion current of sodium and calcium.
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decreasing the number of the sites in mouse mutants increased 
the duration of photocurrent and changed its shape.38

Invertebrates may have slightly different sequence of events 
during phototransduction. Fruitf ly Drosophila is a well-known 
model in genetics; numerous mutants are useful for deciphering 
the light perception in the ommatidia of the insect. The differ-
ence in phototransduction from vertebrates is that in Drosophila 
1) phospholipase C is present instead of phosphodiestherase, 2) 
signaling via inositol trisphosphate and diacylglycerol and prob-
ably polyunsaturated fatty acids without cGMP 3) results in 
opening of closed under darkness 4) transient receptor potential 
ion channels (reviewed in refs. 39 and 40). More differences 
could be revealed among species of numerous and strikingly 
unusual biological organisms.

Artificial Receptors of Light and Means  
to Correct Impaired Vision

Obviously, the ion current is presumably the only converted 
measure of light intensity and it is further transferred to neu-
rons of the neural system. Artificial electronic light receptors 
were proposed instead of absent or damaged retinal cells under 

ophthalmological diseases; the electric response of the retinal 
prosthesis is passed to neurons restoring (at least partially) light 
sensing (reviewed in refs. 41 and 42). Compared with retinal 
photoreceptor cells, which are highly specialized and finely 
tuned systems, retinal prostheses are simpler. Another approach 
is to express light-sensitive proteins in neurons. Several genes 
from Drosophila including rhodopsin rendered light sensitivity 
to hippocampal neurons in primary culture.43 Directly acti-
vated by light ion channel channelrhodopsin is also proposed 
for use in retinal prosthesis.42 Model experiments using mouse 
model with degenerated retinas demonstrated that being genet-
ically targeted to inner retinal neurons channelrhodopsin-2 can 
restore basic visual function with, however, 6–9 orders of mag-
nitude lower sensitivity44,45 (Fig. 6).

Here emerges an interesting area of discrimination between 
simple photic responses (difference light-dark and correspond-
ing physiological reactions) and recognition of images derived 
from visual perception by specialized photoreceptor cells. 
The direction leads to neuroscience with different specialized 
types of neurons and is outside the scope of the present review. 
For example, photosensitive retinal ganglion cells were found 
in mice, the cells express melanopsin and confer simple pho-
tic responses in blind mice without photoreceptor rods and 
cones.46 Human melanopsin from intrinsically photosensitive 
retinal ganglion cells was heterologously expressed in mouse 
paraneuronal cell line Neuro-2a and rendered light-induced ion 
currents.47 Mouse melanopsin was heterologously expressed in 
Xenopus oocytes48 and in human embryonic kidney HEK293 
cells49 making them light-sensitive. Visual perception is much 
more complicated.

Dark Noise and Temperature-Dependence  
of Photoreceptors

Since each biological system is a physico-chemical system, it 
can be described in terms of energies, activation energies, kinet-
ics of reactions and the other parameters. Numerous restrictions 
are implied by biological components (nature of interacting 
molecules; morphology of cells and tissues; pH, redox potential 
and chemical composition of cell medium). On the opposite, 
obvious predictions about behavior of biological systems could 
be done from the known parameters. The simplest prediction is 
about rhodopsin isomerization. High activation energy of pho-
toisomerization for rhodopsin cannot prevent it from spontane-
ous isomerization without any photons, but due to temperature 
(around 300 K) and uneven distribution of energies of interact-
ing molecules. One reason of so called dark noise of photore-
ceptor appears, it will depend (for the reason) on temperature 
and number of rhodopsin molecules in a rod cell. Dark noise of 
photoreceptor is expressed in spontaneous electric signals (volt-
age spikes or recorded ion currents), which are not distinguish-
able from the electric signals induced by photons. Indeed, dark 
noise of photoreceptor measured in events/(cell*s) (varied from 
10-3 to 1) was linearly proportional to the number of rhodopsin 
molecules within the range of 108 – 1010 rhodopsin molecules/
cell (locust-human-toad-Limulus),21 means around 10-10 events/

Figure 5. Kinetics of retinal rod responses of Xenopus laevis to pulses 
of illumination. The color legend indicates the corresponding number 
of impinging photons. Reproduced with the permission of The Optical 
Society of America from.34

Figure 6. Light-activated ion channel channelrhodopsin-2 can restore 
basic visual function in photoreceptor-deficient mice with 6–9 orders 
of magnitude lower sensitivity (according to refs. 44 and 45).
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second per a rhodopsin molecule. However, the situation looks 
much more complicated taking into account the sequence of 
events from activated rhodopsin to closure of ion channels. Each 
element (spontaneous activation of transducin or phosphodies-
therase, drop in cGMP or stochastic closure of ion channels) 
has to be assessed using activation energies and stoichiometry 
of reactions. More convoluted models could be also used; for 
example, it was suggested to apply Hinshelwood distribution 
for complex molecules with many vibrational modes to thermal 
activation of rhodopsin.50

An interesting observation was done for photoreceptor cells 
of horseshoe crab Limulus: dark noise was about one bump of 
voltage per 5 min during evening and 25 times higher during 
midday.51 On the opposite, the voltage response to illumina-
tion (gain) was much higher during night time. The model 
of two-step process for spontaneous temperature-dependent 
isomerization of rhodopsin was proposed.21,52 The first step is 
deprotonation of protein-bound chromophore (form of retinal) 
with activation energy around 100 kJ/mole. The second step 
is isomerization of the chromophore with activation energy 
around the remaining 100 kJ/mole. The first step depends on 
pH and geometry of protein-chromophore complex, so changes 
in pH and protein microenvironment can strongly influence 
the noise. Temperature-dependent isomerization of chromo-
phore at the second step can account for the observed tempera-
ture dependence of noise, which was the same during daytime 
and during night. Indeed, for photoreceptor cells of horseshoe 
crab the noise increased about twice with temperature increase 
by 6 °C (from 12 events/s at 14 °C to 28 events at 20 °C during 
daytime and from 3 events/s at 20 °C to 6.5 events/s at 26 °C 
during night) giving the estimated energy activation of 90–100 
kJ/mole.52

However, the origin of photoreceptor noise and tempera-
ture dependence of photoreception could be much more com-
plex. Dependence of thermal noise on pH of external medium 
was found for photoreceptor cells of horseshoe crab,52 but not 
for cones of salamander53 or toad rods.54 Noise in salamander 
cones55 had different origin (due to pigment or due to transduc-
tion species) for different types of cones.

Finally, physiological mechanisms and biological peculiari-
ties are important for temperature-dependence of visual percep-
tion. For example, in swordfish (Xiphias gladius) the temporal 
resolution of retinograms (electrical activity recorded from iso-
lated retinal preparations) was measured by the f licker fusion 
frequency. The parameter determines the frequency of pulses, 
which are distinct in retinograms. The f licker fusion frequency 
has very high temperature coefficient Q

10
 (change of measured 

parameter with changing temperature by 100C) in swordfish: 
about 5; resolved frequency is around 30 Hz at 21 °C and just 
6 Hz at 6 °C.56 Swordfish has twice higher Q

10
 of f licker fusion 

frequency than bigeye and yellowfin tunas, but possesses spe-
cial system for heating brain and eyes and, therefore, keeps 
good visual perception at depths of several hundred meters.56

At the molecular level it’s reasonable to start from the point 
that a clear model for thermal isomerization of rhodopsin still 
has to be proposed, especially when rhodopsin is located in 

membranes of rod outer segments and interacts with lipids, 
water molecules and proteins. For comparison, energy of gas 
molecules is described by Maxwell-Boltzmann distribution and 
statistics and in a simplified form can be expressed by:
N

i
/N = e–ΔE/kT

(2)
where N is the total number of particles; N

i
 is the number of 

particles with energy by ΔE higher than a certain energy (usu-
ally probabilities N

i
/N are considered); Bolzmann constant k = 

1.38*10-23 J/K, T is temperature (e.g. ref. 57, p.203).
A simple estimate is useful to make an analogy to gas sys-

tems with the corresponding parameters: 1) the temperature 
is 300 K (27 °C), 2) activation energy E

a
 equals to 100 kJ/

mole and for the known Avogardo number Na = 6.02*1023 
molecules/mole gives E

a
/N

a
 = 100 000 Joules /6.02*1023 = 

1.6*10-19 Joules/molecule, then part of gas molecules with 
energy higher the energy barrier of 1.6*10-19 Joules/molecule 
will be: exp(-1.6*10-19/(1.38*10-23*300)) ≈exp(- 39) ≈3*10-17. 
Obviously, the number is far below the reasonable values of the 
observed dark noise (10-10 events/second per a rhodopsin mol-
ecule for 1010 molecules per a photoreceptor rod while the acti-
vated rhodopsin molecule has a life half-time of about 50 ms); 
it proves that quantum effects of photochemical processes and 
interactions with surrounding molecules are involved to change 
the distribution.

Pondering the smart and ideal biological design, it’s rea-
sonable to think about photoreceptor without any dark noise. 
However, the biological systems are too noisy and have rela-
tively high level of errors compared with technical or digital 
computer systems. Potentially the noise could be beneficial for 
the visual perception keeping a certain background activity of 
neurons. More general considerations propose limits for noise 
suppression in biological systems, otherwise negative feedbacks 
and the whole functioning of system are getting extremely 
expensive: the minimum standard deviation decreases with the 
quartic root of the number of events for Poisson communica-
tion channels.58

Polarized Light, Occurrence in Nature  
and Mechanisms of Perception

Apart from wavelength and intensity electromagnetic waves 
have polarization. Electromagnetic wave consists of fluctuating 
electric and magnetic fields, which have perpendicular orien-
tation to each other. Considering a single photon like a sort of 
wave packet and a pulse of light with thousands and millions 
of photons, which are not ordered and have random directions 
of individual vectors of electric field, it’s simple to understand 
unpolarized light. However, depending on the light source and 
passed medium the orientation of electric vector in the wave may 
become ordered, the electromagnetic wave is becoming polarized. 
If the orientation of electric vector fluctuates in one plane, then 
the wave is linearly polarized; alternatively the vector can rotate 
and the wave is circularly polarized then. The degree of polariza-
tion characterizes the extent of ordered orientation of the elec-
tric vector. Polarization of light occurs naturally in atmosphere 
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during sunrise or sunset, after reflection of light from water sur-
face, from Moon and also underwater.59-61 So, the polarized light 
has essential information for biological organisms about time 
and surrounding environment. It cannot be directly digitized 
and translated to a fixed digital image.

Human beings have low sensitivity for polarized light and 
able to detect just very high polarization degrees, over 60%, 
while some insects and fishes can see polarization of 10% even.59 
Polarization of light is more important for invertebrates and 
fishes due to their habitat and size. Some insects are able to use 
polarized light for behavioral signaling. The metallic green ely-
tra (forewings) of Japanese jewel beetle Chrysochroa fulgidissima 
reflects light, which is becoming highly polarized because of 
complex multi-layered surface of the elytra.62 South American 

beetle Plusiotis boucardi with metallic-looking forewings has 
dual-pitched helicoidal layer with bowl-shaped recesses, the 
forewings are special in reflecting circularly polarized light with-
out changing its handedness.63 The degree of polarization may 
depend on the angle of reflection and the polarized light reflected 
by the beetles may have function in recognition of the species. In 
butterfly Heliconius the reflected polarized light from the wings 
can be a preferential signal for mate recognition.64

In fish and underwater species, polarization pattern of light 
reflected from the skin or epidermal tissues can be also impor-
tant for being less visible by predators. For describing the habitat, 
it is necessary to mention that many algae have iridescent surface 
layers (e.g., cuticle) and/or cellular structures,65-67 so determin-
ing the underwater visual environment. Squid has iridescent skin 
with multilayer reflector cells; the cells contain plates of protein 
interspersed by cytoplasm and allow the animal to change color 
and polarization of reflected light and to send potential polariza-
tion signals to the other cephalopods with polarization-sensitive 
vision.68-70 Several species of fish (sprat Sprattus sprattus, sardine 
Sardina pilchardus, and herring Clupea harengus) have similar cell 
structures: broadband guanine-cytoplasm ‘silver’ multilayer reflec-
tors, which make, however, the reflected light non-polarized and 
provide a sort of cryptic camouflage for the situation.71 The study 
on the structure of algal, insect and animal polarization surfaces 
(wings, forewings, skin etc.) may have important implications for 
material science

The perception of polarized light, obviously, requires ordered 
spatial positioning of rhodopsin/visual pigments and special-
ized cells for perceiving the direction and degree of polarization 
(Fig. 7). Much more is known about behavioral reactions of differ-
ent species to polarized light than about mechanisms of perception 
of the light, though a few detailed studies on the perception exist 
and multiply. In continuation of the earlier experiments describ-
ing polarization-dependent dances of bees,72 it was shown that 
bees possess receptors of polarized UV light, but not of the other 
wavelengths.73,74 The specialized receptors at the dorsal rim of bee’s 
compound eyes were examined electrophysiologically.75 Very high 
polarization sensitivity up to 18 (ratio of maximal to minimal volt-
age responses to several directions of electric vector of light) was 
found in UV-responsive cells lacking sensitivity to green light.75 In 
fish the perception of UV polarized light is associated with cones,76 
while the polarized light of another parts of spectrum is also sensed 
(according to electrical recordings from brain tectum).77,78

The ultrastructure of photoreceptors for polarized light in 
arthropods is studied for many species (e.g., and reviews: 79-82). 
Usually the pigments are packed orderly in microvilli within a pho-
toreceptor cell; in each ommatidium the direction of microvilli is 
orthogonal (at 90°) in the photoreceptor cells. So, the direction of 
electric vector of light can be detected by different cells, the signal is 
periodically sent to neurons, which process the information about 
polarization. Periodical signal from different cells helps to exclude 
effect of light intensity, while the initial polarization of light is often 
amplified within an ommatidium or an arthropod eye by reflect-
ing surfaces (reviewed in refs. 80-82). New approaches including 
methods of molecular biology and genetics help in dissecting and 
understanding the components of the polarization vision.83

Figure 7. Basic principle for perception of polarized light in biological 
organisms. Ordered orientation of pigment molecules in photorecep-
tor cell allows detection of electric vector e of light (B is the vector of 
magnetic field of electromagnetic wave). Molecules of photosensitive 
pigments are depicted in the form of blue ovals.

Figure 8. Underwater world with several photobiological phenomena 
and examples of perception. Light is reflected from the water surface and 
becoming partially polarized; light is also passing to water and getting 
partially linearly polarized; polarized light in water is sensed by fishes; 
fishes have multilayer reflecting skin with unusual properties; blonde, 
thorntail and undulate rays (Raja brachyura, Raja clavata, Raja undulate; 
size of specimens is around 1 m) possess electric sense. The picture is 
taken with the permission of staff of SeA LiFe London Aquarium.
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It looks challenging (Fig. 8) to mix 1) perception of electric 
vector of polarized light with the electric sense of several sea 
inhabitants including sharks and rays84-86 and 2) magnetic vector 
of polarized light with magnetoreception of many living organ-
isms (e.g. reviewed in ref. 87). The electric sense of sharks and 
rays has resolution below 5 nV/cm84-86 and seems comparable or 
even much lower than the electric field in light beams: e.g., sun-
light has intensity of electric vector around 10 V/cm (88 p.10). 
Magnetic field vector of the light would correspond to about 3 
mkT (10 V/cm / c = 103 V/m / (3*108 m/s) = 3.3*10−6 T), lower 
than the magnetic field of Earth (25–65 mkT).

However, the distinct sensual informational channels are 
determined by:

1) range of measured values and frequencies of electromag-
netic fields (hundreds of Hz for electric sense and around 1014 
– 1015 Hz for visible light);

2) detailed possible mechanisms (often not studied yet) of 
perception;

3) morphological structures for specific sort of perception 
that are based on the possible mechanisms created and selected 
by nature (specialised photoreceptor cell types in eyes, ampullae 
of Lorenzini for electroreception in sharks and rays, magnetite-
containing cells for magnetoperception etc.);

4) further numerous peculiarities.
Polarized light and direction of polarization may have an 

effect on development of biological organisms. For example, pro-
tonemata (primary germinating structures in development from 
spores) of ferns and mosses have preferential orientation accord-
ing to electric vector of illumination.89-94 Interesting experiments 
were performed with isolated and immobilized in agar proto-
plasts (single cells obtained from plants using cell wall degrad-
ing enzymes) of moss Physcomitrella patens.95 The phragmoplast 
(scaffold for future cell wall between the new forming cells) of 
the first cell division was perpendicular to the electric vector of 
polarized light: nearly 50% of protoplasts had phragmoplasts at 
angles 80°-110° to electric vector compared with around 5% at 
e.g., angles 140°-170°. The polarization was induced by cover-
ing protoplasts in petri plates by plastic polarization filters, no 
ordered orientation of phragmoplasts was found at non-polarized 
light.95 Phytochrome signaling is involved in the responses since 
effects of red light were reverted by far red light or were syner-
getic.90,93 No effects of polarized UV or blue light were found for 
apical growth of fern Adiantum capillus-veneris,93 but the effects 
of polarized blue and green light were present for growth of moss 
Physcomitrella patens.91 Obviously, ordered localization of phyto-
chromes (and probably of the other photoreceptors) is required 
for the reaction to polarized light, but phytochromes are gen-
erally known to be soluble proteins. The paradox is not solved 
yet; existence of membrane-bound fraction of phytochrome or/
and interaction between phytochrome and membrane-associated 
phototropins was postulated (reviewed in ref. 94). Potential 
involvement of cytoskeleton is also suggested based on (1) experi-
ments with cytoskeleton inhibitors for phototropic phytochrome-
dependent responses (reviewed in ref. 94) and (2) involvement 
of actin-related protein ARPC4 in orientated growth of regener-
ating protoplasts of Physcomitrella patens under polarized white 

light.96 The development of biological polarity may imply further 
cytoskeleton reorganization and calcium waves/signaling, which 
are the typical elements in formation of polarity.

Effects of Different Statistics of Photons  
on Light Perception

The main source of light existing in nature is solar radia-
tion with properties of thermal light. Photons are emitted from 
numerous energy levels and the distribution of their number in 
a first approximation obeys Bose-Einstein statistics. The other 
well-known sources of light with different parameters are lasers. 
Distribution of photons emitted by lasers obeys Poisson statis-
tics. Lasers provide a valuable tool for biological research and are 
widely used in technique due to their unique features (high possi-
ble power per a pulse, monochromatic light, high degree of polar-
ization, low noise etc.). One of simple differences between the 
two statistics is that number of photons per unit of time is more 
uniform for lasers; functions for probabilities of distribution of 
photon number are different for thermal light and for lasers.97

Randomly occurring fluorescence, light from fires etc. usu-
ally are not discussed since having no known information/pre-
dictable effects for biological objects. Bioluminescence is widely 
spread (e.g., reviewed in ref. 98) though doesn’t look different 
from the point of photon statistics and polarization. There are 
reports about super-Poisson statistics (typical for thermal light) 
of bacterial (Photobacterium phosphoreum) bioluminescence99 and 
photon emission from cellular slime mold (Dictyostelium discoi-
deum) during developmental processes,100 which, however, need 
further investigation and confirmation.

An interesting question appears whether different sources 
of light may have different effects on biological systems due 
to statistics of number of photons. Potentially the same num-
ber of photons with the same energy, but distributed differently 
within the same time of illumination pulse may result in differ-
ent effects. For example, conformations of proteins are subject to 
fast reversible and irreversible fluctuations due to thermal noise, 
interactions, changing microenvironment (at the scale of a few 
nanometers). The estimated upper limit for frequency of protein 
conformational changes is around 106 Hz.101 Assuming just inter-
action of photons with one protein, it’s conceivable to imagine 
several conformational levels for a protein and different effects 
after a multiphoton pulse of thermal or laser illumination.

A few experimental papers describe comparison of different 
sorts of illumination on visual perception paying attention to 
the statistics of photons (e.g. 102,103). Interesting results were 
obtained with retinal rods of Xenopus: the slope of response to 
Nd:YAG laser at 532 nm was steeper than for pseudothermal 
(the same statistics like thermal) light.36 Photocurrent response 
of Xenopus rod cells was saturated by about 25,000 photons per a 
30 ms pulse in the experiments; the difference between laser and 
pseudothermal light appeared after half-saturating amplitude 
of photocurrent. Relative photocurrent (normalized to saturat-
ing) was about 30–40% higher for laser source of photons in the 
range of illumination.36 The observation is most likely connected 
to transduction chain species (the life of activated rhodopsin 



e28423-8 Communicative & integrative Biology volume 7 issue i

 References
1. Govindjee, editor. Photosynthesis. Volume I. Energy 

Conversion by Plants and Bacteria. 1982. 799.  Volume 
II. Development, Carbon Metabolism and Plant 
Productivity. Academic Press, NY. 1982. 580.

2. Boyer PD. The ATP synthase--a splendid molecu-
lar machine. Annu Rev Biochem 1997; 66:717-49; 
PMID:9242922; http://dx.doi.org/10.1146/annurev.
biochem.66.1.717

3. McCarty RE, Evron Y, Johnson EA. THE 
CHLOROPLAST ATP SYNTHASE: A Rotary 
Enzyme? Annu Rev Plant Physiol Plant Mol Biol 
2000; 51:83-109; PMID:15012187; http://dx.doi.
org/10.1146/annurev.arplant.51.1.83

4. Alberty RA. Standard Gibbs free energy, enthalpy, and 
entropy changes as a function of pH and pMg for sev-
eral reactions involving adenosine phosphates. J Biol 
Chem 1969; 244:3290-302; http://www.jbc.org/con-
tent/244/12/3290.long; PMID:4307313.

5. Kammermeier H, Schmidt P, Jüngling E. Free energy 
change of ATP-hydrolysis: a causal factor of early hypoxic 
failure of the myocardium? J Mol Cell Cardiol 1982; 
14:267-77; http://www.sciencedirect.com/science/
article/pii/002228288290205X; PMID:7131563; 
http://dx.doi.org/10.1016/0022-2828(82)90205-X.

6. Chen M, Chory J, Fankhauser C. Light signal 
transduction in higher plants. Annu Rev Genet 
2004; 38:87-117; PMID:15568973; http://dx.doi.
org/10.1146/annurev.genet.38.072902.092259

7. Heijde M, Ulm R. UV-B photoreceptor-mediated 
signalling in plants. Trends Plant Sci 2012; 17:230-
7; PMID:22326562; http://dx.doi.org/10.1016/j.
tplants.2012.01.007

8. Lozier RH, Bogomolni RA, Stoeckenius W. 
Bacteriorhodopsin: a light-driven proton pump in 
Halobacterium Halobium. Biophys J 1975; 15:955-
62; http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC1334761/; PMID:1182271; http://dx.doi.
org/10.1016/S0006-3495(75)85875-9.

9. Sineshchekov OA, Jung KH, Spudich JL. Two rhodop-
sins mediate phototaxis to low- and high-intensity light 
in Chlamydomonas reinhardtii. Proc Natl Acad Sci U S 
A 2002; 99:8689-94; PMID:12060707; http://dx.doi.
org/10.1073/pnas.122243399

10. Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti 
AM, Bamberg E, Hegemann P. Channelrhodopsin-1: 
a light-gated proton channel in green algae. Science 
2002; 296:2395-8; PMID:12089443; http://dx.doi.
org/10.1126/science.1072068

11. Hegemann P. Algal sensory photorecep-
tors. Annu Rev Plant Biol 2008; 59:167-89; 
PMID:18444900; http://dx.doi.org/10.1146/annurev.
arplant.59.032607.092847

12. Lin JY. A user’s guide to channelrhodopsin variants: 
features, limitations and future developments. Exp 
Physiol 2011; 96:19-25; PMID:20621963; http://
dx.doi.org/10.1113/expphysiol.2009.051961

13. Watanabe HC, Welke K, Sindhikara DJ, Hegemann P, 
Elstner M. Towards an understanding of channelrho-
dopsin function: simulations lead to novel insights of 
the channel mechanism. J Mol Biol 2013; 425:1795-
814; PMID:23376098; http://dx.doi.org/10.1016/j.
jmb.2013.01.033

14. Fricke W, Akhiyarova G, Wei W, Alexandersson E, 
Miller A, Kjellbom PO, Richardson A, Wojciechowski 
T, Schreiber L, Veselov D, et al. The short-term growth 
response to salt of the developing barley leaf. J Exp Bot 
2006; 57:1079-95; PMID:16513814; http://dx.doi.
org/10.1093/jxb/erj095

15. Hecht S, Shlaer S, Pirenne MH. Energy, quanta, and 
vision. J Gen Physiol 1942; 25:819-40; http://jgp.
rupress.org/content/25/6/819.long; PMID:19873316; 
http://dx.doi.org/10.1085/jgp.25.6.819.

16. Dowling JE. The Retina: An Approachable Part of 
the Brain. Cambridge, MA: Belknap of Harvard UP. 
Print. Revised Edition. 2012. 384 .

17. Palczewski K. G protein-coupled receptor rho-
dopsin. Annu Rev Biochem 2006; 75:743-67; 
PMID:16756510; http://dx.doi.org/10.1146/annurev.
biochem.75.103004.142743

18. Terakita A. The opsins. Genome Biol 2005; 6:213; 
PMID:15774036; http://dx.doi.org/10.1186/
gb-2005-6-3-213

19. Wald G. The molecular basis of visual excitation. 
Nature 1968; 219:800-7; PMID:4876934; http://
dx.doi.org/10.1038/219800a0

20. Birge RR. Nature of the primary photochemical events 
in rhodopsin and bacteriorhodopsin. Biochim Biophys 
Acta 1990; 1016:293-327; PMID:2184895; http://
dx.doi.org/10.1016/0005-2728(90)90163-X

21. Birge RR, Barlow RB. On the molecular origins of ther-
mal noise in vertebrate and invertebrate photorecep-
tors. Biophys Chem 1995; 55:115-26; PMID:7632872; 
http://dx.doi.org/10.1016/0301-4622(94)00145-A

22. Land M, Chittka L. Vision. In: The Insects: Structure 
and Function, 5th Edition (eds. Simpson, S. J. and 
Douglas, A. E.). Cambridge: Cambridge University 
Press. 2013. 708-737.

23. Briscoe AD, Chittka L. The evolution of color vision 
in insects. Annu Rev Entomol 2001; 46:471-510; 
PMID:11112177; http://dx.doi.org/10.1146/annurev.
ento.46.1.471

24. Stryer L. Exploring light and life. J Biol Chem 2012; 
287:15164-73; PMID:22411992; http://dx.doi.
org/10.1074/jbc.X112.361436

25. Palczewski K, Kumasaka T, Hori T, Behnke CA, 
Motoshima H, Fox BA, Le Trong I, Teller DC, Okada 
T, Stenkamp RE, et al. Crystal structure of rhodopsin: 
A G protein-coupled receptor. Science 2000; 289:739-
45; PMID:10926528; http://dx.doi.org/10.1126/
science.289.5480.739

26. Choe HW, Kim YJ, Park JH, Morizumi T, Pai EF, 
Krauss N, Hofmann KP, Scheerer P, Ernst OP. Crystal 
structure of metarhodopsin II. Nature 2011; 471:651-
5; PMID:21389988; http://dx.doi.org/10.1038/
nature09789

27. Lamb TD. Gain and kinetics of activation in the 
G-protein cascade of phototransduction. Proc Natl 
Acad Sci U S A 1996; 93:566-70; http://www.pnas.
org/content/93/2/566.long; PMID:8570596; http://
dx.doi.org/10.1073/pnas.93.2.566.

28. Lamb TD, Pugh EN Jr. Phototransduction, dark 
adaptation, and rhodopsin regeneration the proctor 
lecture. Invest Ophthalmol Vis Sci 2006; 47:5138-
52; PMID:17122096; http://dx.doi.org/10.1167/
iovs.06-0849

29. Fesenko EE, Kolesnikov SS, Lyubarsky AL. Induction 
by cyclic GMP of cationic conductance in plasma 
membrane of retinal rod outer segment. Nature 
1985; 313:310-3; PMID:2578616; http://dx.doi.
org/10.1038/313310a0

30. Fung BK-K, Hurley JB, Stryer L. Flow of informa-
tion in the light-triggered cyclic nucleotide cascade 
of vision. Proc Natl Acad Sci U S A 1981; 78:152-
6; http://www.ncbi.nlm.nih.gov/pmc/articles/
PMC319009/; PMID:6264430; http://dx.doi.
org/10.1073/pnas.78.1.152.

is about 50–80 ms) and raises questions for most experiments 
with laser light. It might be possible that results with lasers and 
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Outlook and Novel Technical Opportunities

The future directions in photobiology are bright and spread 
far outside the scope of the small review. Evident progress of 
optogenetics is expressed nowadays in potential medical appli-
cations. Further and deeper understanding of photobiological 
processes including leap to spatial nanoscale and temporal fem-
toscale in combination with new approaches of molecular biol-
ogy and genetics needs also integrative and synthetic way of 
seeing. The new and more detailed picture with higher resolu-
tion will rise. More knowledge is gained from different species, 
so details of phototransduction may vary and leave plenty of 
space for future research.

Emerging new sources of light with different statistics of 
photons (lasers), light-emitting diods with unusual spectral 
properties offer valuable tools for re-questioning old problems 

and posing new ones. Recent interest in quantum dots was 
rewarded by opportunity to get single photons using quantum 
dots.104-106 The source of single photons might be valuable for 
determining sensitivity of photoreception, for providing exact 
number of photons of certain energy (wavelength) and seems to 
be very promising for the future research.
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