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v

 I started my fi rst photobiological research project in the spring of 1957. My scientifi c interest 
ever since has been focused on photobiology in its many aspects. Because I have been employed 
as a botanist, my own research has dealt mostly with the photobiology of plants, but through-
out this time, I have been interested in other aspects such as vision, the photobiology of skin, 
and bioluminescence. A fi rst edition of the present book was published in 2002 and a second 
edition in 2008. This third edition is much expanded and completely updated. Eight new 
authors have been recruited among my eminent colleagues. 

 It has not been possible to cover all aspects of photobiology in one volume, but I feel that 
we have managed to catch a fair and well-balanced cross section. Many colleagues promised 
to help, but not all lived up to their promises. To those who did and who are coauthors to this 
volume, I direct my thanks; I think that they have done an excellent job. 

 Living creatures use light for two purposes: for obtaining useful energy and as information 
carrier. In the latter case, organisms use light mainly to collect information but also (e.g., by 
coloration and bioluminescence) for sending information, including misleading information, 
to other organisms of their own or other species. Collection of free energy through photosyn-
thesis and collection of information through vision or other photobiological processes may 
seem to be very different concepts. However, on a deep level, they are of the same kind. They 
use the difference in temperature between the sun and our planet to evade equilibrium, i.e., to 
maintain and develop order and structure. 

 Obviously, all of photobiology cannot be condensed into a single volume. My idea has been 
to fi rst provide the basic knowledge that can be of use to all photobiologists and then give some 
examples of special topics. 

 Thus, this book is intended as a start, not as the fi nal word. There are several journals dealing 
with photobiology in general and an even greater number dealing with special topics such as 
vision, photodermatology, or photosynthesis. There are several photobiology societies arrang-
ing meetings and other activities. And last but not least, up-to-date information can be found on 
the Internet. The most important site apart from the Web of Science, Scopus, Google Scholar, 
and other scientifi c databases is the homepage for the International Union of Photobiology 
  http://iuphotobiology.com/societies.html    , which has links to a number of regional and national 
organizations for photobiology. 

 The subtitle of this book may be somewhat misleading. There is only one science. But I 
wanted to point out that the various disciplines dealing with light and life have more in com-
mon than is perhaps generally realized. I hope that the reader will fi nd that the same principles 
apply to seemingly different areas of photobiology. For instance, we have transfer of excita-
tion energy between chromophores active in photosynthesis, in photorepair of DNA, and in 
bioluminescence. Cryptochromes, fi rst discovered as components in light-sensing systems in 
plants, are involved in the human biological clock and probably in the magnetic sense of birds 
and other animals, and they have evolved from proteins active in DNA photorepair. 

 Many colleagues have been helpful in the production of this book. Three of my coauthors—
Professors Helen Ghiradella, Govindjee, and Anders Johnsson—who are also close friends have 
earned special thanks because they have helped with more chapters than those who bear their 
names. Helen has also helped to change my Scandinavian English into the American twist of the 
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islanders’ tongue, but we have not changed the dialect of those who are native English speakers. 
Govindjee has contributed not only with his knowledge of photobiology but also with his great 
experience in editing. Drs. Margareta Johnsson and Helena Björn van Praagh have helped with 
improvements and corrections, and Professor Allan Rasmusson at our department in Lund has 
been very helpful when I and my computer have had disagreements. I have enjoyed the friendli-
ness and help of other colleagues in the departments in Lund and Guangzhou. The staff of our 
biology library in Lund has been very helpful and service minded. Several colleagues, among 
them Stig Allenmark, DainisDravins, Dmitri Lapotko, Sandra Pizarello, and Eric Warrant, have 
reviewed sections that deal with their own research areas. I deeply regret that one author, Gernot 
Renger, unexpectedly passed away before being able to complete his chapter. I wish to express 
my thanks to the publisher and printer staff for their support during the production of this book.  

 Many others have helped, but special thanks go to my wife and beloved photobiologist 
Gunvor, who has supported me during the work and put up with papers and books covering the 
fl oor in our common home; to her I dedicate those chapters of the book that bear my name. 

 There are several new chapters in the third as compared to the second edition: Chap.   11    , 
Photoactive proteins; Chap.   13    , Photoreceptive proteins and their evolution; Chap.   14    , 
Signaling crosstalk under the control of plant photoreceptors; Chap.   17    , Photosynthetic light 
harvesting; Chap.   25     Light-promoted infection; Chap.   27    , Role of ultraviolet radiation in the 
origin of life. On the other hand, some chapters present in the second edition had to be skipped 
either for space limitation or for other reasons: Photosynthetic light harvesting, charge separa-
tion, and photoprotection: The primary steps; Photoperiodism in insects and other animals; 
Light treatment in medicine. The former chapter “Spectral tuning in biology” has been divided 
into two, one dealing with pigments and the other one with structural color. However, it will 
still be possible to obtain pdf fi les of chapters from the second edition from the publisher.  

  Lund, Sweden     Lars     Olof     Björn   
   March 2014 
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    (Drawing by Per Nilsson) 

  Photobiology            

     I am lying on my back beneath the tree, 
 dozing, looking up into the canopy, 
 thinking: what a wonder!—I can see! 

 But in the greenery above my face, 
 an even greater miracle is taking place: 
 Leaves catch photons from the sun 
 and molecules from air around. 
 Quanta and carbon atoms become bound. 
 Life, for them, has just begun. 

 The sun not only creates life, it also takes 
away 
 mostly by deranging DNA. 
 Damage can be, in part, undone 
 by enzymes using photons from the sun. 

 Summer nears its end, already ’cross the sky 
 southward aiming birds are fl ying by. 

 Other birds for travel choose the night 
 relying on the stars for guiding light. 
 Imprinted in their little heads are Gemini, 
 Orion, Dipper, other features of the sky. 
 There is room for clocks that measure 
 day and night, 
 Correct for movement of the sky 
 and tell the time for fl ight 

 Deep into oceans, into caves 
 the sun cannot directly send its waves. 
 But through intricacies of foodweb’s maze, 
 oxygen from chloroplasts, luciferin, 
luciferase, 
 at times, in place, 
 where night and darkness seem to reign, 
 solar quanta emerge as photons once again. 
 L.O. Björn 2002   
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1.1 Introduction

The behavior of light when it travels through space and when 

it interacts with matter plays a central role in the two main 

paradigms of twentieth-century physics: relativity and quan-

tum physics. As we shall see throughout this book, it is also 

important for an understanding of the behavior and function-

ing of organisms.

1.2 Particle and Wave Properties of Light

The strange particle and wave properties of light are well dem-

onstrated by a modification of Young’s double-slit experiment. 

In Young’s original experiment (1801), a beam of light 

impinged on an opaque screen with two parallel, narrow slits. 

Light passing through the slits was allowed to hit a second 

screen. Young did not obtain two light strips (corresponding to 

the two slits) on the second screen but instead a complicated 

pattern of several light and dark strips. The pattern obtained 

can be quantitatively explained by assuming that the light 

behaves as waves during its passage through the system.

It is easy to calculate where the maxima and minima in illu-

mination of the last screen will occur. We can get some idea 

of the phenomenon of interference by just overlaying two 

sets of semicircular waves spreading from the two slits 

(Fig. 1.1), but this does not give a completely correct 

picture.

For the experiment to work, it is necessary for the incident 

light waves to be in step, i.e., the light must be spatially coher-

ent. One way of achieving this is to let the light from a well-

illuminated small hole (in one more screen) hit the screen 

with the slits. The pattern produced (Fig. 1.2) is a  so- called 

interference pattern or, to be more exact, a pattern produced 

by a combination of diffraction (see the next section) in each 

slit and interference between the lights from the two slits. It is 

difficult to see it if white light is used, since each wavelength 

component produces a different pattern. Therefore, at least a 
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Fig. 1.1 (Top) Light waves impinge from below on a barrier with only 

one slit open and spread from this in concentric rings. (Bottom) Light 

waves impinge from below on a barrier with two slits open. The two 

wave systems spreading on the other side interfere and in some sectors 

enhance, in others extinguish one another. The picture is intended only 

to simplify the understanding of the interference phenomenon and does 

not give a true description of the distribution of light
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colored filter should be used to limit the light to a narrower 

wave band. The easiest way today (which Young could not 

enjoy) is to use a laser (a simple laser pointer works well), 

giving at the same time very parallel and very monochromatic 

light, which is also sufficiently strong to be seen well.

In a direction forming the angle α with the normal to the 

slitted screen (i.e., to the original direction of the light), 

waves from the two slits will enhance each other maximally 

if the difference in distance to the two slits is an integer mul-

tiple of the wavelength, i.e., d·sin α = n·λ, where d is the 

distance between the slits, λ the wavelength, and n a positive 

integer (0, 1, 2, …). The waves will cancel each other com-

pletely when the difference in distance is half a wavelength, 

i.e., d·sin α = (n + 1/2)·λ. To compute the pattern is somewhat 

more tedious, and we need not go through the details. The 

outcome depends on the width of each slit, the distance 

between the slits, and the wavelength of light. An example of 

a result is shown in Fig. 1.2.

So far so good—light behaves as waves when it travels. 

But we also know that it behaves as particles when it leaves 

or arrives (see later). The most direct demonstration of this is 

that we can count the photons reaching a sensitive photocell 

(photomultiplier).

But the exciting and puzzling properties of light stand out 

most clearly when we combine the original version of 

Young’s experiment with the photon counter. Instead of the 

visible diffraction pattern of light on the screen, we could 

dim the light and trace out the pattern as a varying frequency 

of counts (or, if we so wish, as a varying frequency of clicks 

as in a classical Geiger counter) as we move the photon 

counter along the projection screen (Fig. 1.3a). Since we 

count single photons, we can dim the light considerably and 

still be able to register the light. In fact, we can dim the light 

so much that it is very, very unlikely that more than one pho-
ton at a time will be in flight between our light source and the 

photon counter. This type of experiment has actually been 
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Fig. 1.2 Interference pattern produced in Young’s double-slit experi-

ment (computer simulation). The width of each slit is 1 mm, the dis-

tance between slit centers 4 mm, and the wavelength 0.001 mm (1 μm). 

The distance from the center of the screen is along the horizontal axis 

and the irradiance (“light intensity”) along the vertical axis, both in 

relative units. Note that the vertical scale is linear in the upper diagram 

and logarithmic in the lower one

Photomultiplier
with housing
moving up and
down

Screen
with slits

a

b
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100

500

5,000
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Fig. 1.3 (a) Double-slit experiment set up to count single photons. The 

sketch is not to scale. In a real experiment, the distance of the photo-

multiplier from the screen with slits would be greater, and the opening 

in the photomultiplier housing smaller. (b) Simulation of the pattern of 

photon hits on a screen behind a double slit arranged in the same way as 

in Fig. 1.2. The number of photons is indicated for each experiment. 

Although the photon hits take place randomly and cannot be predicted, 

the interference pattern emerges more and more clearly with increasing 

number of photons
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performed, and it has been found that a diffraction pattern is 

still formed under these conditions. We can do the experi-

ment also with an image-forming device such as a photo-

graphic film or a charge-coupled diode (CCD) array as the 

receiver and get a picture of where the photons hit. A com-

puter simulation of the outcome of such an experiment is 

shown in Fig. 1.3b.

If you think a little about what this means, you will be 

very puzzled indeed. For the diffraction pattern to be formed, 

we need two slits. But we can produce the pattern by using 

only one photon at a time. There can be no interaction 

between two or more photons, which have traveled different 

paths, e.g., one photon through one slit and another photon 

through the other slit. The experiment shows that each pho-

ton “must be aware” of both slits, or, in other words, must 

have traveled through both slits. I know of no other physics 

experiment that demonstrates more clearly than this one that 

light is not waves or particles. The wave and the particle are 

both models, incomplete pictures or imaginations of the 

nature of light. The limitations of our senses and our brain 

prevent us from getting closer to reality than this, simply 

because it has not made sense during our evolution to get 

closer to reality. This limitation does not prevent us from 

using our models very successfully as long as we use them in 

a correct way.

Not only light behaves in this way but also electrons, 

atoms, and molecules. Arndt et al. (1999) passed a beam of 

fullerene (C60) through a double slit and got a similar pattern, 

and Sclafani et al. (2013) used a diatom frustule to diffract 

phthalocyanine molecules.

Let us take one more example to make clear how “weird” 

(i.e., counterintuitive) the scientific description of the 

 behavior of light is. When I was younger I used to watch 

the Andromeda galaxy using my naked eyes (now it is dif-

ficult, not only because my vision has worsened, but 

because there is so much electric light around where I live). 

I could see the galaxy because atoms in it had emitted light 

about 2 million years earlier. The photons, after having 

traveled through empty space, interacted with rhodopsin 

molecules in my eyes. But no photon started on its course 

following a straight line toward the earth. It traveled as an 

expanding wave. Just before interacting with the rhodopsin 

molecule in my eye, the photon was everywhere on a wave-

front with a radius of 2 million light years. The energy of 

the photon was not localized until it came into contact with 

my eye.

1.3  Light as Particles and Light as Waves 
and Some Definitions

When we are dealing with light as waves, we assign a wave-

length to each wave. Visible light has wavelengths in a vac-

uum in the range 400–700 nm (1 nm equals 10−9 m), while 

ultraviolet radiation has shorter and infrared radiation longer 

waves.

Photobiologists divide the ultraviolet part of the spectrum 

into ultraviolet A (UV-A) with 315–400 nm wavelength, 

UV-B with 280–315 nm wavelength, and UV-C with 

<315 nm wavelength. You may see other limits for these 

regions in some publications, but these are supported by the 

Comité Internationale de l’Eclairage (CIE), which intro-

duced the concepts. Just as everybody should use the same 

internationally agreed-upon length of the meter, everybody 

should honor the definitions of UV-A, UV-B, and UV-C; oth-

erwise, there is a risk for chaos in the scientific literature. 

Plant photobiologists, for whom the spectral region 700–

750 nm is especially important, call this radiation “far-red 

light.” They also call the region 400–700 nm “photosyntheti-

cally active radiation,” or PAR, rather than visible light. Just 

as radiation outside this band is perfectly visible for some 

organisms such as some insects, birds, and fish (and some 

light in the range 400–700 nm invisible to many animals), so 

radiation with wavelengths shorter or longer than “photosyn-

thetically active radiation” is photosynthetically active to 

many organisms.

Natural light never has a single wavelength but can 

rather be regarded as a mixture of waves with different 

wavelengths.

When we characterize light by its wavelength, we usu-

ally mean the wavelength in a vacuum. When it travels 

through a vacuum, the velocity of light is always exactly 

299,792.4562 km/s, irrespective of wavelength and the 

movement of the radiation source in relation to the observer. 

The reason that this value is exact is that the velocity of 

light in a vacuum links our definitions of the meter and the 

second. This velocity is usually designated c and wave-

length λ (the Greek letter lambda). A third property of 

light which we should keep track of is its frequency, i.e., 

how many times per time unit the wave (the electric field) 

goes from one maximum (in one direction) to another 

maximum (in the same direction). Frequency is tradition-

ally designated ν (Greek letter nu), and in a vacuum we 

have the following relation between the three quantities 

just introduced: c = λ·ν, or λ = c/ν, or ν = c/λ. When light 

passes through matter (such as air or water or our eyes), 

the velocity and wavelength decrease in proportion, and 

frequency remains unchanged. Sometimes the wave num-

ber, i.e., 1/λ, is used for the characterization of light. It is 

usually symbolized by ν with a line (bar) over it, and a 

common unit is cm−1.

When we think of light as particles (photons), we assign 

an amount of energy (E) to each photon. This energy is linked 

to the wave properties of the light by the relations E = h·ν, 

where h is Planck’s constant, 6.62617636 J·s (joule- seconds). 

It also follows from the preceding that E = h·c/λ. We can 

never know the exact wavelength, frequency, or energy of a 

single photon.

1 The Nature of Light and Its Interaction with Matter



4

1.4 Diffraction

We usually think of light traveling in straight lines if there is 

nothing in its way. We have seen in Young’s double-slit 

experiment that it does not always do that. In fact, the great 

physicist Richard Feynman has shown that its behavior is best 

understood if we think of it as always traveling every possible 

way at the same time and components traveling those differ-

ent ways interfering with one another at every possible point.

We do not have to have two slits to show how the light 

“bends” near edges. This “bending” is called diffraction in 

scientific terminology. It is very important to take diffraction 

into account to understand some biological phenomena, such 

as the vision of insects (see Chap. 15). Light is diffracted in 

any small opening and also near any edge. To compute the 

diffraction pattern, we can make use of something called 

Huygens’ principle (sometimes the Huygens-Fresnel princi-

ple). It states that we can think of propagating light as a sum 

of semispherical waves emanating from a wavefront. If the 

wavefront is flat, the semispherical waves emanating from it 

add up to a new flat wavefront. But if something stops some 

of the semispherical waves, the new wavefront is no longer 

flat. In Fig. 1.1 (top) we illustrate this in one plane. Flat waves 

impinge from below on a screen with an opening. Many semi-

circular waves start out from the opening. Along a line from 

the middle of the opening, the resulting wavefront is flat, but 

at the edges the semicircular waves produce a bent pattern. 

We have calculated this pattern more exactly in Fig. 1.4.

1.5 Polarization

Light waves are transverse, i.e., the oscillation is perpendicu-

lar to the direction of wave propagation and the direction of 

the light (this is in contrast to sound waves, in which  particles 

vibrate in the line of wave propagation). In the case of light, 

there are no vibrating particles but a variation in electric and 

magnetic fields. The electric and magnetic fields are both per-

pendicular to the direction of propagation but also perpendicu-

lar to one another. When the electric fields of all the components 

of a light beam are parallel, the beam is said to be plane-polar-
ized. The plane of polarization is the plane that contains both 

the electrical field direction and the line of propagation.

If we add two beams which travel in the same direction 

and are both plane-polarized and have the same phase (i.e., 

the waves are in step) but different planes of polarization, the 

resulting light is also plane-polarized with its plane of polar-

ization at an intermediate angle.

Light can also be circularly polarized, in which case the elec-

trical field direction spirals along the line of propagation. Since 

such a spiral can be left- or right-handed, there are two kinds of 

circular polarization, left-handed and right-handed (Fig. 1.5).

Circularly polarized light can be regarded as the sum of 

two equally strong plane-polarized components with right 

angles between the planes of polarizations and a 90° phase 
difference between the components. On the other hand, plane-

polarized light can be regarded as a sum of equally strong 

left- and right-handed components of circularly polarized 

light. There are several animations available on the internet 

that explain this better than a stationary illustration can, e.g.:

http://en.wikipedia.org/wiki/Circular_polarization

http://ja01.chem.buffalo.edu/~jochena/research/opticalac-

tivity.html

350

300

250

200

150

100

50

0
-30 -20 -10 0 10 20 30

Distance from centre, relative

Ir
ra

di
an

ce
, r

el
at

iv
e
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Fig. 1.5 In the upper left part of the figure, a plane-polarized light 

beam, composed of one vertically and one horizontally polarized com-

ponent, is depicted in perspective and also “head-on” at different points 

(or at one point at different moments). Numbered points in the perspec-

tive drawing correspond to the numbers on the “head-on” drawings. 

Only the electric components of the electromagnetic fields are shown 

(wavy lines in the perspective drawing, straight lines in the “head-on” 

drawings). In the lower right part of the drawing, the same is shown for 

a circularly polarized beam

L.O. Björn

http://ja01.chem.buffalo.edu/~jochena/research/opticalactivity.html
http://ja01.chem.buffalo.edu/~jochena/research/opticalactivity.html
http://en.wikipedia.org/wiki/Circular_polarization
http://dx.doi.org/10.1007/978-1-4939-1468-5_15
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http://www.photophysics.com/tutorials/circular-dichroism-cd- 

spectroscopy/1-understanding- circular- dichroism

http://www.enzim.hu/~szia/cddemo/edemo7.htm

(accessed August 16, 2013)

Natural light, such as direct sunlight, is often almost 

unpolarized, i.e., a random mixture of all possible polariza-

tions. After reflection in a water surface, the light becomes 

partially plane-polarized. Skylight is a mixture of circularly 

and plane-polarized light, which we call elliptically polar-

ized light. We cannot directly perceive the polarization of the 

light we see. Insects do and often use the polarization of sky-

light as an aid in their orientation. Plants in many cases react 

differently to plane-polarized light depending on its plane of 

polarization. This holds for chloroplast orientation in seed 

plants, mosses, and green algae and also for growth of fern 

gametophytes. A good treatise on the subject (in German) is 

provided by W. Haupt (1977).

1.6  Statistics of Photon Emission 
and Absorption

Usually the members of a population of excited molecules 

can be expected to emit photons independently of one 

another, i.e., the time of emission of one photon does not 

depend on the time of emission of another photon. One 

exception to this rule occurs when stimulated emission 

becomes significant, as happens in a laser. Another exception 

is when there is cooperation between different parts of a cell 

(e.g., when a dinoflagellate flashes), between different cells 

in an organism (e.g., when a firefly flashes), or between dif-

ferent individuals in a population (e.g., when fireflies in a 

tree send out synchronized flashes). The examples in the last 

sentence are very obvious. However, careful study of the sta-

tistics of photon emission offers a very sensitive way of 

detecting cooperation between different parts of a biological 

system, and we shall therefore dwell a little on this subject, 

which also has a bearing on the reliability of measurement of 

weak radiation in general.

When photons are emitted independently of one another, 

the distribution of emission events in time is a Poisson distri-

bution, just as in the case of radioactive decay. This means 

that if the mean number of events in time Δt is x, then the 

probability of getting exactly n events in the time Δt is 

p = e– x · xn/n !. In this formula, n! stands for factorial n, i.e., 

1·2·3·4…. n. Thus 1! = 1, 2! = 2, 3! = 6, 4! = 24, and so on. 

By definition 0! = 1.

We are familiar with the Poisson distribution of events from 

listening to a Geiger–Müller counter. That events are Poisson-

distributed in time means that they are completely randomly 

distributed in time. When one event takes place does not 

depend on when a previous event occurred. One might think 

that there cannot be much useful information to be extracted 

from such a random process, but such a guess is wrong. The 

reader is probably already familiar with some of the useful 

things we can learn from the random decay of atomic nuclei. 

We can, in fact, use our knowledge of how Poisson statistics 

work for determining the number of photons required to trig-

ger a certain photobiological process. The remarkable thing is 

that we can do this even without determining the number of 

photons we shine on the organism that we study.

The principle was first used by Hecht et al. (1942) to 

determine how many photons must be absorbed in the rods 

of an eye to give a visual impression. Their ingenious experi-

ment was a bit complicated by the fact that our nervous sys-

tem is wired in such a way that several rods have to be 

triggered within a short time for a signal to be transmitted to 

the brain (thereby avoiding false signaling due to thermal 

conversion of rhodopsin). We shall demonstrate the principle 

with a simpler example, an experiment on the unicellular 

flagellate Chlamydomonas (Hegemann and Marwan 1988). 

This organism swims around with two flagella, and it reacts 

to light by either stopping (“stop response”) or by changing 

swimming direction (“turning response”).

All one has to do is to take a sample of either light-adapted 

or dark-adapted Chlamydomonas cells, subject them to a 

flash of light, and note which fraction of the cells either stop 

or turn. The experiment is then repeated several times, with 

the flash intensity varied between experiments. The absolute 

fluence in each flash need not be determined, only a relative 

value. If one possesses a number of calibrated filters, no light 

measurement at all need be performed. Then the fraction of 

reacting cells for each flash is plotted against the logarithm 

of the relative flash intensity. It turns out that (for dark- 

adapted cells) the curve so obtained, if plotted on a compa-

rable scale, has the same shape as the curve labeled n = 1 in 

Fig. 1.6. This holds for both stop response and for turning 

response, and it means that both responses can be triggered 

by a single photon. If the experiment is carried out within 

20 min of removing the cells from strong light, the stop- 

response curve has a shape similar to the curve labeled 

n = 2 in Fig. 1.6, meaning that in this case two photons are 

required.

The curves in Fig. 1.6 have been computed in the follow-

ing way (let, as before, x be the average number of events 

recorded in a large number of trials): the curve for n = 1 is the 

probability (p) of absorption of at least one photon, which is 

one minus the probability for absorption of no photon or 

p = 1 − e– x · x1/1 ! = x/ex. The curve for n = 2 follows the for-

mula p = 1 − e– x · x1/1 ! − e– x · x2/2 !, the curve for n = 3 follows 

the formula p = 1 − e– x · x1/1 ! − e– x · x2/2 ! − e– x · x3/3 !, etc.

1.7 Heat Radiation

The term heat radiation is sometimes (erroneously) used 

synonymously with infrared radiation. We shall use it here as 

the energy emitted when the energy of the random heat 

1 The Nature of Light and Its Interaction with Matter
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movement of the particles in condensed matter (solids, liq-

uids, or compressed gases) is converted to radiation. It is 

easiest to think of heat radiation as the glow of a hot body 

(lamp filament or the sun), but our own bodies also emit heat 

radiation, as does, in fact, a lump of ice or even a drop of 

liquid nitrogen. A body that is cooler than its environment 

absorbs more radiation than it emits, but still it radiates 

according to Planck’s radiation law, to be described below. 

Heat radiation may be infrared, visible, or ultraviolet and, if 

we go to exotic objects in the cosmos, even outside this spec-

tral range.

The starting point of the quantum theory was the attempt 

to explain the spectrum of the radiation emitted by a glowing 

body. To derive a function that matched the observed spec-

trum, Planck had to assume that the radiation is emitted in 

packets (quanta or photons) of energy h·ν, where ν stands for 

frequency (which is also the velocity of light divided by the 

wavelength) and h is a constant, Planck’s constant = 

6.62620·10−34 J·s. Planck’s radiation law was derived for an 

ideal blackbody, best approximated by a hollow body with a 

small hole in it. With modifications it can be used for other 

bodies as well. The sun radiates almost as a blackbody.

Planck’s formula can be written in different ways, depend-

ing on whether we consider radiation per frequency interval 

or per wavelength interval and whether we express the 

 radiation as power (energy per time) or number of photons 

(per time). Furthermore, we may be interested in the  radiation 

density inside a hollow body (mostly for theoretical  purposes) 

or the radiation flux leaving a body (for most applications).

Energy density per frequency interval e= ( ) ⋅ −8 13 3ph c v hv kT/ / /(( )
= ( ) ⋅Photon density per frequency interval e8 3 2p / / /c v hv kT −−( )

= ⋅ −

1

8 5Energy density per wavelength interval ep lhc hv k/ / TT

hv kTe

−( )
= −−

1

8 4Energy density per wavelength interval pl / / 11( )
These functions are mostly plotted with ν or λ as the inde-

pendent variable and T as a parameter. It should be noted that 

even for the same T, the functions all have maxima at differ-

ent values of ν or λ (see Fig. 1.7, which shows the plots of 

energy per wavelength interval and photons per wavelength 

interval for 5,000 K).

These examples are shown merely as an illustration of the 

fact that the maxima occur at different locations depending 

on which principle you use for plotting the spectra. This is 

not only true for heat radiation; it holds for all emission spec-

tra, also for fluorescence emission spectra for instance. The 

most common sin of people publishing about fluorescence is 

that they do not understand this. They write “fluorescence, 

relative” on their vertical axis without further specification 

and do not realize that not even the shape of their spectrum, 

nor the positions of maxima, will be defined in such graphs. 

The second most common way of sinning is to spell fluores-

cence incorrectly.

You can see from Fig. 1.8 that the maxima occur at longer 

wavelengths when the temperature is lower and also that the 

total radiation is less in that case. In fact, the wavelength of 

the maximum is inversely proportional to the absolute tem-

perature (Wien’s law), while the total photon emission is 

proportional to the third power of the absolute temperature 

(i.e., to T3) and the total energy emission to the fourth power 

(T4, Stefan–Boltzmann’s law). Wien’s and Stefan–
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Boltzmann’s laws can both be derived from Planck’s radia-

tion formula but were found experimentally before Planck 

did his theoretical derivation.

The formulas shown above refer to radiation density in a 

closed cavity with radiating walls. The fluence rate, or amount 

of radiation per unit of time and unit of cross- sectional area 

falling from all directions on a sphere in this cavity, is obtained 

by multiplying the radiation density by the velocity of light. 

(Do not worry if you have some difficulty with this here. We 

shall return later to the concept of fluence rate, which is quite 

important in photobiology and often misunderstood.) Suppose 

that the sphere in the cavity is ideally black (absorbing all the 

radiation falling on it) and has the same temperature as the 

walls. The second law of  thermodynamics states that (assum-

ing that no heat energy is generated or consumed in the 

sphere) the sphere must stay at the same temperature as the 

walls and it must radiate the same amount of radiation (dis-

tributed in the same way across the spectrum) as it receives. 

Therefore its excitance (radiation given off per unit of time 

and unit of surface area) is the energy density given by the 

formulas above multiplied by the velocity of light and divided 

by 4 (since the surface area of the sphere is four times the 

cross-sectional area).

To obtain the excitance of a non-blackbody (such as a 

glowing tungsten filament in a light bulb or your own body), 

the excitance computed for a blackbody should be multiplied 

by the emissivity. The emissivity varies quite a lot with wave-

length, so the multiplication must be carried out separately 

for each wavelength value in which you are interested. The 

emissivity also varies somewhat with temperature. The 

absorptivity, or the ability to absorb radiation, is identical to 

the emissivity; otherwise, the second law of thermodynamics 

would be violated.

It may seem that this is a little too much physics for a biol-

ogy book, but an understanding of the basic physical princi-

ples is very helpful when it comes to the experimental work 

in photobiology. What has just been described can be used 

for calibrating measuring equipment in the photobiology 

laboratory.

1.8 Refraction of Light

From school you should be familiar with Snell’s law. This 

describes how light is refracted at an interface between two 

media with different indices of refraction (refractive indi-

ces), say n1 and n2. Figure 1.9, in which we assume n1 < n2, 

will serve as a reminder. If you need further explanation, you 

will have to look in other books.

The refractive index can be regarded as the inverse of the 

relative velocity of light in the medium in question, i.e., it is 

the velocity in a vacuum divided by that in the medium. It 

can be shown that Snell’s law is equivalent to the statement 

that the light takes the fastest path possible between any two 

points on the rays shown. Compared to a straight line (dashed 

in Fig. 1.9) between point A on the upper ray and point B on 

the lower ray, you can see that the light goes a longer dis-

tance (solid line) in the medium with refractive index n1 

(lower index, higher velocity) than in the medium with 

refractive index n2 (higher index, lower velocity), i.e., AO > 

AC and OB < CB. The refractive index is a pure number (no 

unit, as it is the ratio of two velocities). As we have used it 

here, it is a real number (the usual type of number we use in 

most calculations, represented as a decimal number). In 

more advanced optical theory, the refractive index is a com-

plex (“two-dimensional”) number.
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As for the values of α and β in relation to one another, the 

figure looks the same if the light direction is reversed. However, 

this does not hold any longer when reflection is taken into 

account or when we consider the amount of light in the beams.

Throughout most of the spectrum the refractive index 

decreases with wavelength, but there are spectral regions 

(where absorption bands occur) where it increases steeply 

with wavelength; this phenomenon is, for historical reasons, 

called anomalous dispersion, although it is quite normal. In 

general, the change in refractive index with wavelength is 

called dispersion.

In some crystals and many biological materials, the 

refractive index is different depending on direction and 

plane of polarization of the light. Such a medium is termed 

birefringent. Birefringence occurs in plant cell walls and 

other structures where elongated molecules are arranged in 

a certain direction. Measurement of birefringence has been 

an important method in elucidating the arrangement of mol-

ecules in such cases. Media that are originally isotropic 

(with the same properties in different directions and thus not 

birefringent) may become birefringent by stretching or 

squeezing, application of electric fields, or other 

treatments.

When light passes through a birefringent medium of suit-

able thickness, it becomes circularly or elliptically polarized 

because of the phase difference that develops between the 

components of different plane polarization.

1.9 Reflection of Light

Reflection may be specular (from a shiny, smooth surface or 

interface) or diffuse (from a more or less rough surface or 

interface). Diffuse reflection is very important in biology, but 

we shall limit ourselves here to specular reflection at inter-

faces between dielectric (nonmetallic) media.

The angle of incidence is always equal to the angle of reflec-

tion, but the amount of light reflected (as opposed to refracted) 

depends on the polarization of the light. The plane in which 

both the incident and the reflected rays (and the normal to the 

reflecting surface) lie is called the plane of incidence. The com-

ponent of the light with an electric field parallel to this plane is 

designated by //; that with an electric field perpendicular to the 

plane of incidence by +. The fractions, R// and R+, of the irradi-

ance of these components that are reflected are given by 

Fresnel’s equations in which α is the angle of incidence (equal 

to the angle of reflection) and β the angle of transmission (see 

Fig. 1.9 in the section on refraction):

 

R

R

/ / tan / tan

sin / sin

= −( ) +( )⎡⎣ ⎤⎦

+ = −( ) +( )⎡⎣ ⎤⎦

a b a b

a b a b

2

2

 

The reflected fraction of unpolarized light is the mean of 

the two ratios. For normal incidence (α = β = 90°) another set 

of equations has to be used, since with the equations above, 

divisions by zero would occur. In this case there is no distinc-

tion between R// and R+:

 
R n n n n= −( ) +( )⎡⎣ ⎤⎦1 2 1 2

2
/  

As an example of use of the last equation, let us consider the 

reflection in a glass plate (n2 = 1.5) in air (n1 = 1). When light 

strikes the glass plate (perpendicularly), R = [(1–1.5)/(1 + 1.5)]2 

= [– 0.5/2.5]2 = 0.04 = 4 %. When the light strikes the second 

interface (from glass to air), the value of R comes out the same 

again, because since the expression is squared, it does not mat-

ter in this case which of the indices you subtract from the other 

one. Thus 96 % of the 96 % of the original beam, or 92.16 %, 

will be transmitted in this “first pass.” It can be shown that after 

an infinite number of passes between the two surfaces, the 

reflected fraction will be R[1 + (1–R)/(1 + R)] = 2.0.04/

(1 + 0.04) = 7.69 % and the transmitted fraction 92.31 %. For 

most practical purposes, we may estimate a reflection loss at 

normal incidence of about 8 % in a clean glass plate or glass 

filter, but if the refractive index is exceptional, this value may 

not hold. If the glass is not clean, it certainly does not.

The multiple internal reflection is not of much effect in a 

single glass plate, but I wanted to mention it here, because 

the effect is taken advantage of in so-called interference fil-

ters to be described in a later section.

Going back to the case of α < 90°, we find by division, 

member by member, of the equations above that R// divided 

by R+ is [cos(α–β)/(cos(α + β)]2. This ratio will always be > 1, 

so R// > R+, or, in other words, the component of light with 

the electric field perpendicular to the plane of incidence and 

parallel to the interface will be more easily reflected than the 

other component. The interface can act as a polarizing device. 

It can be shown that the reflected beam becomes completely 

polarized when tan α = n2/n1, because none of the light polar-

ized parallel to the plane of incidence is reflected (Fig. 1.10). 

The angle α = arctan (n2/n1) is called the Brewster angle.

If a beam strikes a flat interface obliquely from the side 

where the refractive index is highest, the outgoing beam will 

have a greater angle to the normal than the ingoing (according 

to Snell’s law). If the angle of incidence is increased more and 

more, an angle will eventually be reached when the outgoing 

beam is parallel to the interface. At greater angles of incidence, 

there will be total reflection, i.e., all light will be reflected, and 

none transmitted. The smallest angle of incidence at which 

total reflection occurs is called the critical angle.

If an object with higher refractive index immersed in the 

medium with lower refraction index comes very close to the 

reflecting interface (at a distance less than a wavelength), 

then light energy can “tunnel” through and interact with that 

object. It is a principle exploited for, e.g., fingerprint readers 

and some special kinds of microscopy (see Chap. 5).

L.O. Björn
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1.10 Scattering of Light

Although, strictly speaking, reflection and refraction are also 

a result of scattering (absorption and reemission of electro-

magnetic energy by material oscillators), we do, in practice, 

use the term scattering in a more restricted sense for pro-

cesses that tend to change the propagation of light from an 

ordered way to a random one. We can distinguish three types 

of scattering named after three distinguished scientists: Mie 

scattering, Rayleigh scattering, and Raman scattering.

Mie scattering is caused by particles larger than the wave-

length of the light and having a refractive index different from 

that of the continuous phase in which they are suspended. 

Typical examples are water droplets (clouds, fog) or dust in 

the atmosphere, or the result of mixing a solution of fat in 

acetone with water. Almost any animal or plant tissue is a 

strong Mie scatterer due to the boundaries between cells and 

between different parts of the cells and, in the case of plant 

tissue, between cells and intercellularies. Mie scattering is 

nothing other than repeated reflection and refraction at numer-

ous interfaces. As we have seen, light of different wavelengths 

is not reflected or refracted in exactly the same way, but most 

of these differences cancel out in Mie scattering, and there is 

no strong wavelength dependence of this phenomenon.

Rayleigh scattering is caused by the interaction of light with 

particles smaller than the wavelength of the light. The particles 

may even be individual molecules or atoms. In this case there 

are no interfaces at which reflection or refraction can take 

place. However, the closer the wavelength of the light is to an 

absorption band of the scattering substance (i.e., the closer the 

frequency of the light is to a natural oscillating frequency in the 

matter), the more strongly the electrons in the matter “feel” the 

light and the greater is the probability that the electromagnetic 

field is disturbed when it sweeps by. Most substances have their 

strongest absorption bands in the far ultraviolet. Therefore, in 

the infrared, visible, and near ultraviolet regions, Rayleigh 

scattering increases very steeply toward shorter wavelength. 

Ultraviolet is scattered more strongly than blue, which in turn 

is scattered more strongly than red. The blue color of the sky is 

due to more blue than red light being scattered out of the direc-

tion of the direct sunlight. To be more precise, Rayleigh scatter-

ing is inversely proportional to the fourth power of the 

wavelength, i.e., proportional to 1/λ4.

In Rayleigh scattering the direction of the electrical field 

is not changed. If, for instance, a horizontal beam, vertically 

polarized (i.e., with the electric field vertical), is scattered, 

the electric field remains vertical. But light can never propa-

gate in the direction of its electric field (remember, it is a 

transverse wave). This means that the light is not scattered up 

or down, only in horizontal directions. If, on the other hand, 

the incident light is not polarized, it is scattered in all direc-

tions but with different polarizations.

In both Mie and Rayleigh scattering, the wavelength of the 

light remains unchanged. In Raman scattering, on the con-

trary, either part of the photon energy is given off to the scat-

tering particles (which in this case are molecules) or some 

extra energy is taken up from the particles. The amount of 

energy taken up or given off corresponds to energy  differences 

between vibrational levels in the molecule. Raman scattering 

can be used as an analysis method and is also a source of error 

in fluorescence analysis, but we do not need to consider it in 

photobiological phenomena, since it is always very weak.

1.11  Propagation of Light in Absorbing 
and Scattering Media

We shall consider here first the simplest case: a light beam 

(irradiance Io) that perpendicularly strikes the flat front sur-

face of a homogeneous nonscattering but absorbing object. 

The most common objects of this kind that we deal with in 

the laboratory are spectrophotometer cuvettes and glass fil-

ters. A small fraction of the incident light is specularly 

reflected at the surface according to Fresnel’s equation (see 

Sect. 1.9). For simplicity, we disregard this in this section. In 

spectrophotometry, reflection is taken care of by comparing 

a sample with a reference cuvette having approximately the 

same reflectivity as the sample cuvette.

Light goes from less dense to denser medium
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Fig. 1.10 Percent of light reflected for different angles of incidence for 

light going from air (n = 1) to water (n = 1.33, top) and from water to air (bot-
tom) and for light polarized with the electric vector in the plane of incidence 

(II) or perpendicular to the plane of incidence (+). For II-polarized light, no 

light is reflected for a certain angle of incidence (the Brewster angle). For 

light going from the denser medium (water) to the less dense medium, total 

reflection occurs for angles of incidence larger than the critical angle
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At depth x within the object, the irradiance (see Chap. 2 for 

definitions of irradiance and other terms) will be Ix = Io·e–Kx, 

where K is the linear absorption coefficient. The relationship is 

known as Lambert’s law and follows mathematically from the 

conditions that (1) the light is propagated in a straight line and 

(2) the probability of a photon being absorbed is the same 

everywhere in the sample.

In spectrophotometry we also make use of Beer’s law, 

which states that under certain conditions, K is a product of 

the molar concentration of the absorbing substance and its 

molar absorption coefficient (or, in the case of several 

absorbing substances, the sum of several such products).

However, we are concerned now not with spectrophotom-

etry, but with the propagation of light in living matter. Almost 

invariably, we will be facing complications caused by intense 

scattering. A general quantitative treatment of scattering is 

so complicated as to be useless for the photobiologist. All it 

would lead to would be a system of equations with mostly 

unknown quantities.

A simplified theory, which has been found very useful as 

a first approximation, is the Kubelka–Munk theory (Kubelka 

and Munk 1931). It should be observed that this theory is 

valid only for “macro-homogeneous” objects, i.e., those that 

on a macroscopic scale are uniform and isotropic, with 

absorption and scattering coefficients that can be determined. 

Seyfried and Fukshansky (1983) have shown how the theory 

can be modified for an object consisting of several macro- 

homogeneous layers. Specular reflection at the surfaces has 

to be dealt with separately. Uncertainty in the specular reflec-

tion leads to uncertainties in the absorption and scattering 

coefficients if they, as proposed by Seyfried and Fukshansky, 

are determined from overall reflection and transmission by 

the object. In any case, the method is good enough to demon-

strate here the general features of light propagation in media 

that both absorb and scatter light.

Suppose that we can determine, with sufficient confi-

dence, the reflectance R (except for specular reflectance) 

and transmittance T of our sample. The linear absorption 

coefficient K and the linear scattering coefficient S, as well 

as the fluence rate at any point inside the sample, can then, 

with some effort, be computed from the system of 

equations:

 

R a b bSd

T a bSd b bSd
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Here Io is the fluence rate incident from one side, and Ix 

the fluence rate at depth x of a sample of overall thickness d. 

The so-called hyperbolic operators sinh, cosh, and coth are 

defined by the following relationships: sinh(y) = (ey − e– y)/2; 

cosh(y) = (ey + e– y)/2; coth(y) = cosh(y)/sinh(y). If light is inci-

dent from both sides, the last equation has to be modified.

To demonstrate, without too much computation, the effect 

of scattering, we shall assume that we have determined K 

and S. For any sample thickness, d, we can then compute Ix 

as a function of x.

Note the following features in the examples of computer 

outputs (Figs. 1.11 and 1.12):

 1. When S is given a low value (0.01), the Kubelka–Munk 

curve coincides with the Lambert curve (and is therefore 

invisible).
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Fig. 1.11 Decrease of fluence rate with depth. The decrease of fluence 

rate with depth of penetration in a 1-cm-thick slab of a medium with 

absorption only (linear absorption coefficient 1 cm−1), scattering only 

(linear scattering coefficient 5 cm−1), and one with both absorption 

(1 cm−1) and scattering (5 cm−1). The values were computed using the 

Kubelka–Munk theory and assuming isotropic incident light. In the 

upper frame, the fluence rate scale is linear, and in the lower one, loga-

rithmic. Note that in a scattering medium, fluence rate can exceed the 

fluence rate of the incident light (a is a linear plot; b has a logarithmic 

vertical scale) 
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 2. When S has a value similar to or higher than K, i.e., when 

scattering is appreciable compared to absorption, the flu-

ence rate in the sample near the illuminated side is higher 

than the incident fluence rate. This is no violation of the 

law of energy conservation; the sample does not create 

any new light. However, the concentration of photons is 

increased by their bouncing back and forth.

The expediency with which the Kubelka–Munk equations 

can be evaluated using a computer must not cause us to forget 

the limitations of the Kubelka–Munk theory. One severe 

restriction is that only diffuse incident light or light with an 

incidence angle of 60° is considered. We need only enter three 

constants, K, S, and thickness of the scattering medium, to 

describe the scattering object. A more complete description 

would give more realistic results, but apart from the difficulty 

in choosing the correct constants, the equations and algorithms 

would rise in complexity very fast. More  complete theories are 

described by Star et al. (1988) and Keijzer et al. (1988).

1.12 Spectra of Isolated Atoms

We shall deal in this section with isolated atoms (which are 

not part of di- or polyatomic molecules and also not close to 

one another for other reasons, such as high pressure). They 

can increase their internal energy by absorbing photons and 

also give off energy by emitting photons. They can absorb or 

emit only very particular photons, whose energy corresponds 

very exactly to differences between energy levels in the atom. 

The simplest case is the hydrogen atom, and it has been found 

that its energy levels are inversely proportional to 1/n2, where 

n represents positive integers (1, 2, 3, …). The possible energy 

jumps are then proportional to the energy differences 

1/n2−1/m2, where n = 1, 2, 3, …and m = n + 1, n + 2, etc. 

Since, according to the relationships E = hν and λ = cν, the 

energy (E) of a photon is inversely proportional to wavelength 

(λ), the wavelengths of light which can be absorbed or emit-

ted by a hydrogen atom are given by 1/λ = R·(1/n2−1/m2) (see 

Fig. 1.13). The proportionality constant is called the reduced 

Rydberg constant. It is slightly dependent on the mass of the 

atom’s nucleus, and for ordinary hydrogen, it amounts to 

0.0109677581 nm−1.

In ordinary hydrogen gas, the atoms are combined in 

pairs. However, when an electric current runs through the 

gas, the pairs are split and photon emission from energized 

(excited) free hydrogen atoms takes place. In the laboratory 

we use lamps containing heavy hydrogen (deuterium), for 

instance, in the spectrophotometer. We use the continuous 

part of the spectrum in the ultraviolet (as well as continuous 

emission in the ultraviolet arising from molecular deuterium) 

for measuring ultraviolet absorption of samples. We can use 

the two first lines of the Balmer series, for which n = 2 (Hα at 

656 nm and Hβ at 486 nm), for wavelength calibration. In the 

program on which Fig. 1.13 is based, an approximate 

Rydberg constant in between that for light and heavy hydro-

gen was used. In nature, Hα, Hβ, and some other hydrogen 

lines appear in the spectrum from the sun as absorption lines 

(Fraunhofer lines), because of the presence of nonexcited 

hydrogen atoms in the atmosphere of the sun outside the 

glowing photosphere. Light of these particular wavelengths 

is therefore almost absent in the daylight spectrum. The 

absence of Hα light from daylight should make it possible to 

measure other light (e.g., fluorescence) at this wavelength in 

full daylight. However, the chlorophyll fluorescence from 

plants is weak at such a short wavelength.

One other case where the photobiologist is concerned 

with the spectrum of isolated atoms is when he or she uses 

low-pressure mercury lamps. We shall return to this in Chaps. 

3 and 25.

1.13  Energy Levels in Diatomic 
and Polyatomic Molecules

The energy relations immediately become much more com-

plex when we proceed from single atoms to molecules con-

sisting of two atoms each, i.e., diatomic molecules. The 
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Fig. 1.13 Spectrum of atomic hydrogen (computer simulation)
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simplest example of such a molecule (if we disregard the 

hydrogen molecular ion H2
+) is the hydrogen molecule, H2.

In the molecule we have, in addition to the electronic 

energy described for the atom, vibrational and rotational 

energy. In diatomic molecules, the bond between the atoms, 

mediated by the electrons, can be regarded as an elastic 

string or spring, which stretches and contracts. At one instant 

the nuclei of the two atoms move toward one another. When 

the positively charged nuclei come close enough, their 

mutual electric repulsion becomes strong enough to reverse 

the motion, and the distance between the nuclei starts to 

increase. The nuclei move apart until the attractive force 

from the negatively charged electrons becomes strong 

enough to reverse the motion again.

This oscillating movement of the nuclei has some resem-

blance to that of a pendulum, but one difference is that it is 

asymmetrical. The force on the nuclei is not proportional to 

the distance from a symmetry point, and therefore, the mol-

ecule is an inharmonic oscillator rather than a harmonic one.

The changes in energy due to changes in oscillating move-

ment are smaller than (the largest) energy jumps due to elec-

tronic transitions (changes in electronic energy).

In molecules consisting of more than two atoms each, 

there are also oscillations due to the bending of bonds, but 

we shall disregard this in the following.

The molecule can also absorb or emit energy by changing 

its state of rotation. In diatomic molecules, only rotation around 

an axis perpendicular to the bond contributes to the rotational 

energy, but in more complicated molecules, we must consider 

three axes of rotation, all perpendicular to one another.

All these energy changes are quantized, i.e., only certain 

energy changes are possible. However, because the vibra-

tional and rotational energy amounts are much smaller than 

the electronic energy amounts and are combined with them, 

the molecules have apparently continuous absorption and 

emission bands rather than lines. At equilibrium, the num-

ber of molecules (Nx, Ny) “occupying various energy states” 

as the jargon goes, i.e., having various amounts of energy 

(Ex, Ey), is related to the energy differences between the 

states by the formula N N e
E E kT

x y
y x/

/= ( ) ( )-
.

We shall now restrict the discussion to the stretching 

vibrations and their interaction with the electronic energy 

transitions. At one point in the stretching oscillation, the 

force acting on the nuclei is zero (the repulsive and attractive 

forces compensate one another exactly). All the vibrational 

energy is then kinetic (translational) energy. In contrast, 

when the distance between the nuclei is either minimal or 

maximal, i.e., at the inner and outer turning points, the veloc-

ity is zero, and therefore, the kinetic energy is zero. All the 

vibrational energy is then potential (positional) energy. In 

between, the kinetic and potential parts of the energy change 

in such a way that their sum is constant.

In Fig. 1.14, the distance between the atomic nuclei is 

plotted in the horizontal direction (lowest values to the left) 

and the energy of the molecule in the vertical direction (low-

est values at the bottom). The curved lines show the potential 

energy for various distances and for two different electronic 

states of the molecule. The various horizontal lines within 

the curved lines show the total energy for various vibrational 

states and for the two electronic states. The turning point in 

the oscillating movement of the nuclei is where these hori-

zontal lines reach the curves. For these interatomic distances, 

the kinetic energy is zero.

Looking at Fig. 1.14 and the lengths of the vertical lines 

in it, we get some understanding of why absorption maxima 

occur at shorter wavelengths (higher photon energy) than 

emission maxima (this difference is referred to as the 

“Stoke’s shift”). The maxima, which we can determine 

experimentally, of course, correspond to the wavelengths 

and photon energies of the most likely transitions. Later we 

will see how one can look at the same phenomenon from 

quite a different point of view.

A macroscopic pendulum moves most slowly near the 

turning points. If it were possible to get snapshots of the mol-

ecule at random times, one would therefore expect most of 

the snapshots to show the atoms near the turning points. 

However, the quantum physics is more complicated than 

that. For the lowest vibrational state, the zero state, it is quite 

Kinetic energy is zero.

Excited state
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Bond breakage energy
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Distance between the atomic nuclei
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e

Fig. 1.14 The potential energies (vertical coordinate) of the electronic 

ground state and the first excited state are shown by the curves as func-

tions of the distance between the atomic nuclei in a diatomic molecule 

(horizontal coordinate). The equilibrium distances (lowest potential 

energy) for the ground and excited states are denoted by ro
g and ro

e, 

respectively. At this distance the potential energy is minimal, and the 

kinetic energy (distance between curves and horizontal lines) is maxi-

mal. However, the molecule never comes to rest at this position. Even at 

zero absolute temperature, the vibrations continue (lowest horizontal 
lines on the curves)
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the opposite, and the probability is greatest that the molecule 

will be near the state of zero potential energy and maximum 

kinetic energy. Thus, when for some reason a molecule 

changes electronic state, in most cases, the transition will 

occur from near the midpoint of the line for the lowest vibra-

tional state. The vertical line to the left in Fig. 1.14 shows a 

likely transition from the lower electronic state to the higher 

electronic state, and the line to the right shows a likely transi-

tion from the higher electronic state to the lower one. The 

upward transition could be associated with absorption of 

photons, and the downward one by emission of photons.

In order to illustrate the various energy levels and transi-

tions between them, it has become customary to use a kind of 

diagram named after Aleksander Jabłonski (pronounced 

Jabwonski). In such a diagram (see Fig. 1.15), the electronic 

energy levels (energy states of the molecule) are indicated by 

thick horizontal lines, the overlayered vibrational states by 

thinner horizontal lines, and state transitions by arrows.

Note that the downward pointing solid arrows (light emis-

sion) are generally shorter than the upward pointing ones 

(light absorption) corresponding to the fact that light emis-

sion is generally of longer wavelength (lower photon energy) 

than light absorption. This is, however, a matter of statistical 

distribution, and in stimulated emission, the wavelength is 

the same for absorbed and emitted light.

Stimulated emission is a phenomenon theoretically stipu-

lated by Einstein but observed much later. According to 

Einstein, a molecule can be transformed by light absorption 

in two ways: either from a lower to a higher energy state, as 

we have described before, or from a higher to a lower state. 

In the latter case two photons are emitted (stimulated emis-

sion) for each one absorbed, and all three photons are of the 

same wavelength. The reason that it took a long time for 

stimulated emission to be observed is that the concentration 

of molecules in sufficiently high energy states is usually low, 

and the probability for stimulated emission therefore low. 

The transitions are described using so-called Einstein coef-

ficients, B12, B21, and A21. If, in a certain radiation field of 

energy density r(ν) for the frequency (ν), the number of mol-

ecules in the lower energy state is N1, in the upper state N2, 

then the probability of upward transitions is B12·ρ(ν)·N1, and 

the probability of downward stimulated transitions is 

B21·ρ(ν)·N2, but there are also spontaneous downward transi-

tions with a probability A21·N2. Because of the spontaneous 

downward transitions, N1 is generally much larger than N2. 

When light intensity is increased more and more, N2 gradu-

ally approaches N1 but cannot be caused to exceed it by light 

absorption alone (see Fig. 1.16).

The most important applications of stimulated emission 

are the laser (acronym for light amplification by stimulated 

emission of radiation) and some types of high-resolution 

optical microscopy, to be described later.

Apart from the changes in vibrational and rotational 

energy, there are other causes of the “broadening” of spectra 

mentioned above (from line spectra to band spectra). More 

complicated molecules are usually (and the biomolecules 

always) in a condensed phase (liquid or solid) rather than in 

a low-pressure gas.

The different molecules in the phase affect one another in 

complicated ways so that the energy levels of one molecule 

are not the same as those of its neighbors. Finally, the differ-

ent molecules are not identical (as a collection of isolated 

atoms of the same kind are) since they, even if they corre-

spond to a single chemical formula, may have different con-
formations, e.g., an extended or folded chain of atoms. This 

results in continuous absorption and emission spectra.

Because, at ordinary temperatures, transitions between 

different conformational states take place readily, we do not 

experience molecules with different conformations as 

 different kinds of molecules. By greatly lowering the tem-

perature, we may prevent the transitions between different 
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Fig. 1.15 Jablonski diagram: the thick horizontal lines indicate elec-

tronic energy states, the thin horizontal lines above each thick line vibra-

tional substates. Associated with each electronic state, and indicated by 

thinner lines above the thick lines, are several vibrational energy levels. 

The higher up in the diagram, the higher energy the lines indicate. The 

solid upward arrows represent absorption of photons (light energy), and 

the down pointing solid lines, emission of photons (either spontaneous 

or stimulated emission). The wider arrow to the far left indicates that 

energy increases upward in the diagram. To the left in the figure the sys-

tem of singlet states (So, S1,, S3, with only paired electrons), to the right 
the system of triplet states (T1, T2, containing unpaired electrons). Arrows 
with short dashes indicate radiationless transitions within each state sys-

tem. Arrows with long dashes indicate intersystem transitions (intersys-

tem crossing). In the singlet system, radiative de-excitation (fluorescence) 

can take place only from the lowest excited state, since all other states 

are very short-lived. The transition from a triplet state to the ground level 

(So) does not take place easily, since an electron has to change spin. Thus 

the T1 state (the lowest triplet state) is long-lived, and the radiative de-

excitation from T1 results in phosphorescence. This Jablonski diagram is 

not intended to depict energy relations in a particular molecule, but only 

general principles. A Jablonski diagram for the oxygen (O2) molecule 

would, however, look radically different, since for this molecule the 

lowest-lying level represents a triplet state
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conformational states as well as between different vibra-

tional and rotational states, and it becomes possible to selec-

tively deplete one state by monochromatic light from a laser. 

In this way one may “burn holes” in an absorption spectrum 

and see which portion of a spectrum is associated with a par-

ticular state (Fig. 1.17).

Even at a temperature of absolute zero, the oscillation 

continues with all molecules in the lowest vibrational state, 

the zero state. In fact, even at room temperature, the majority 

of the molecules are in this state, but a substantial fraction is 

in higher states.

Even at moderately lowered temperatures, absorption 

spectra (as well as fluorescence spectra) are sharpened 

(Fig. 1.18). This effect is often taken advantage of in spectro-

scopic investigations of biological samples containing sev-

eral substances with similar spectra, such as cytochromes or 

chlorophyll proteins.

It should be understood that a molecule can appear in an 

electronically excited state for reasons other than having 

absorbed light or ultraviolet radiation. In rare cases, the 

collisions with other molecules can give a molecule suffi-

cient energy for transition to an excited state. Chemical 

reactions may also produce reactants in electronically 

excited states, which can lose their energy by emission of 

light. This is how chemiluminescence works, and biolumi-

nescence, which will be described later, is biochemical 

chemiluminescence.

1.14 Quantum Yield of Fluorescence

It has been already mentioned that a molecule in the excited 

state may lose its energy in various ways as light by radiative 

de-excitation. This process is called fluorescence if the transi-

tion is from a singlet excited state to a singlet ground state, 

and phosphorescence if the transition is from a triplet excited 

state to a singlet ground state or from a singlet excited state to 

a triplet ground state (the most important example of the latter 

is phosphorescence of singlet oxygen). It can also lose energy 

as vibrations to neighboring molecules (thermal de-excita-

tion). Singlet excited states can disappear by “intersystem 

crossing” to produce triplet states; this happens, e.g., some-

times with chlorophyll molecules. And finally, energy may be 

lost through chemical reactions. Thus, the total rate of disap-

pearance of singlet excitation can be described as the sum of 

the rates for the different de-excitation “pathways.” In most 

cases, each molecule “acts on its own,” so the kinetics of dis-

appearance of singlet excitate states is of first order (in con-

trast, de-excitation of singlet oxygen is mixed first and second 

order at higher concentrations). It can thus be described by a 
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Fig. 1.17 A solution of C-phycocyanin was irradiated with a strong 

laser beam. Various wavelengths were used in the order indicated by the 

numbers and the vertical lines on the curves. These lines are, in fact, 

narrow dips or “holes” in the absorption spectra caused by depopulation 

of specific molecular states by the laser light. Note that irradiation with 

light of shorter wavelength following one with light of longer wave-

length causes a repopulation of the less energetic state (corresponding 

to the longer wavelength). For instance, irradiation 3 practically cancels 

the effect of irradiation 2 (but not that of irradiation 1 at an even shorter 

wavelength than 3). Similarly, irradiation 4 partly cancels the effect of 

irradiation 3 (From Friedrich et al. 1981, modified)
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Fig. 1.16 Simplified energy level diagram (Jablonski diagram) for a 

molecule to explain stimulated emission. The arrows symbolize transi-

tions between the two levels, by (from left to right) absorption, stimu-

lated emission, and spontaneous emission. The probability of a 

transition is proportional to the population (N1 or N2) of molecules from 

which the transition takes place. Absorption and stimulated emission 

are also proportional to the energy density, ρ(ν), at the frequency (ν), 

which corresponds to the energy difference (ΔE = hν) between the lev-

els. (The energy density, in turn, is the product of the speed of light and 

the fluence rate.) For each one of these transition probabilities, there is 

also a proportionality factor (called an Einstein coefficient), i.e., B12 for 

absorption, B21 for stimulated emission, and A21 for spontaneous emis-

sion. Einstein showed that B12 = B21 and A21 = B21 · 8π · hν3/c3. In the 

steady state, the upward and the total downward transition rates are the 

same, i.e., B12 · ρ(ν) · N1 = B21ρ(ν) · N1 = B21 · ρ(ν) · N2 + A21 · N2, from which 

follows N2/N1 = ρ(ν)/[ρ(ν) + 8π · hν3/c3]. It follows from this that for low 

energy densities (weak light), N2/N1 and also N2 increase proportionally 

to the light but also that N2/N1 cannot exceed 1 even if the light is very 

strong. A so-called inverted population of molecules with N2/N1 > 1, 

which is necessary for laser action, can only be obtained in other ways 

than by simple light absorption from one energy state to another one
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first order rate constant k, which is a sum of the rate constants 

for the different pathways:

 
k k k k k= + + +f th ic ch ,  

where f stands for radiative de-excitation (usually fluores-

cence), th for thermal de-excitation, ic for intersystem cross-

ing, and ch for chemical de-excitation. Under steady 

illumination, a steady state develops, so the rate of excitation 

by absorption of photons equals the total rate of de- excitation. 

Therefore, the ratio of the number of photons emitted as fluo-

rescence to the number of photons absorbed will be

 
f f k k k k k t k= = + + +( )f f f th ic ch/ / .  

The quantity φf is called the quantum yield of fluores-

cence. In the same way, we have a quantum yield for each 

de- excitation path; for example, also for the chemical 

deactivation,

 
fch ch ch f th ic ch= = + + +( )k k k k k t k/ / .  

The different pathways compete with one another. 

Therefore, the chlorophyll fluorescence from a plant, which 

is usually weak and invisible, increases if we add a poison 

that stops photosynthesis, the main pathway for chemical de- 

excitation. The fluorescence from chlorophyll becomes even 

stronger and clearly visible if we extract the chlorophyll and 

illuminate it dissolved in an organic solvent as acetone. Then 

we have not only completely stopped chemical de-excitation 

but also decreased thermal de-excitation.

Studying the changes of fluorescence from chlorophyll is 

an important way to investigate the functioning of the photo-

synthetic apparatus. In this context, one often uses the terms 

photochemical quenching and nonphotochemical quench-

ing, respectively, for the chemical and thermal de-excitations 

competing with fluorescence.

1.15  Relationship Between Absorption 
and Emission Spectra

A simple relationship between absorption and emission 

spectra of even very complicated molecules was first hinted 

at by E. H. Kennard (1918) and later elaborated upon mostly 

by B. I. Stepanov. The relationship is most commonly 

referred to as the Stepanov (1957) relationship. The basic 

idea is that it is of no consequence to the future behavior of a 

molecule in which way it reached a certain state. From this it 

follows that any emission from an excited (energy-rich) elec-

tronic state of any kind of molecule in thermal and confor-

mational equilibrium with its surroundings must have the 

same spectrum, whether the molecule reached the energy-

rich state by  collisions with its neighbors, or by absorbing a 

photon, or as a result of a chemical reaction. More specifi-

cally, the shape of the fluorescence spectrum (excited state 

reached by absorption of photons) is identical to the shape of 

the heat radiation spectrum from that kind of molecule. The 

heat radiation spectrum follows Planck’s law for a black-

body, modified by the emissivity of the substance. But the 

emissivity, as was already mentioned, is the same as the 

absorptivity, which has the same spectral dependence as the 

experimentally measured absorption coefficient. Thus (fluo-

rescence spectrum) = (absorption spectrum) × (blackbody 

spectrum). The multiplication sign here stands for convolu-
tion, i.e., multiplication of pairs of values throughout the 

spectrum. The fluorescence spectrum will then be expressed 

as photons per wavelength interval, energy per frequency 

interval, etc., depending on how the blackbody spectrum is 

entered into the equation.

The Stepanov relationship breaks down when heat energy 

cannot easily diffuse away from the emitting molecule. This 

happens in solid media or liquids of high viscosity and is 

always the case at low temperatures. Conversely, by compar-

ing a fluorescence and an absorption spectrum, it can be 

found out whether or not the molecules in the excited state 

are in thermal and conformational equilibrium with the sur-

roundings at the time of photon emission. An example of the 
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Fig. 1.18 Absorption spectra of C-phycocyanin at various tempera-

tures (Redrawn from Friedrich et al. 1981)
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application of these ideas to a biological system is provided 

by Björn and Björn (1986).

1.16  Molecular Geometry 
of the Absorption Process

In a molecule, the center of positive charge (associated with the 

nuclei) may, or may not, coincide with the center of negative 

charge (associated with the electrons). If the center of positive 

charge does not coincide with the center of negative charge, the 

molecule is a dipole. Unless molecules are symmetrical, as are 

CCl4 or CH4, they are more or less strong dipoles.

A dipole is characterized by a dipole moment. This is a vec-

tor having direction and magnitude. The magnitude is the dis-

tance between positive and negative charge centers times the 

amount of charge. The direction of the dipole moment is from 

the negative to the positive charge center. Like other vectors, 

the dipole moment is often symbolized by an arrow (Fig. 1.19).

When a molecule is electronically excited, the negative 

charge is generally displaced in relation to the positive charge, 

i.e., there is a change in dipole moment. This change in dipole 

moment is called the transition moment and often symbolized 

by M. Like the dipole moment, it is a vector; in fact, it is the 

dipole moment of the excited state (DE) minus the dipole 

moment of the ground state (DG). Symbolizing the vectors by 

arrows, we may describe the subtraction as shown in Fig. 1.19.

The magnitude of the transition moment can be estimated 

from the absorption spectrum of the compound in question. 

Denoting the molar absorption coefficient by ε, the refractive 

index of the solvent by n, and light velocity divided by wave-

length (frequency, c/λ) by ν, the oscillator strength (the 

square of the magnitude of the transition moment) is approx-

imately 1.0222 × 10− 62n x ∫ [ε(ν)/ν] dν C2 m2, where integra-

tion is carried out over the absorption band. If we let ε instead 

stand for molecular cross section in m2, the formula becomes 

2.673 × 10− 25n x ∫ [ε(ν)/ν] dν C2 m2. C is the symbol for 

coulomb. For further details, see Knox (2003).

In most cases of excitation by light absorption, the prob-

ability of absorption is proportional to the square of the com-

ponent of the transition moment in the direction of the 

electric field of the light. (There are cases of interaction 

between electrons and the magnetic field of the light rather 

than the electric field, but these cases are of little interest in 

photobiology.) Expressed in another way, the probability is 

proportional to |M|2cos2α, where α is the angle between the 

transition moment and the direction of the electric vector of 

the light wave, i.e., the direction in the plane of polarization 

which is perpendicular to the direction of light propagation.

To those of you who think this is hard to follow, remem-

ber that the probability of absorption depends on how the 

molecule is oriented in relation to the direction of the light 

and (for plane-polarized light) the plane of polarization. For 

absorption of light by molecules in ordinary solutions, this is 

of no consequence, since the molecules (except in special 

cases) have random directions. For absorption of light by 

molecules in living cells, it is sometimes very important, 

since these molecules may be very accurately aligned. In 

such cases, light polarized in a direction parallel to the transi-

tion moment of the absorbing molecule is more strongly 

absorbed than light polarized in other directions. This phe-

nomenon is called (absorption) dichroism.

In the same molecule there may be transition moments 

with different directions. For example, in the chlorophyll 

molecule, two transition moments are nearly at right angles 

to one another. The transition moment for emission of fluo-

rescence may have a direction different from that for excita-

tion of fluorescence. By measuring the polarization of 

fluorescence from molecules irradiated by polarized light, 

one can gain information about the angle between the transi-

tion moments.

1.17  Transfer of Electronic Excitation 
Energy Between Molecules

Transfer of electronic excitation energy from compound A to 

compound B may be symbolized as A* + B → A + B*. The 

energy quantum to be transferred must have a size such that 

it can be given off by A, i.e., corresponding to the energy of 

DG

DE

M

Fig.. 1.19 The transition moment M for a transition from the ground 

state to an excited state is the vectorial difference between the dipole 

moments of the molecule in the excited state (DE) and in the ground 

state (DEG)
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a photon within the fluorescence band of A. Furthermore, it 

must be of a size that can be taken up by B, i.e., correspond 

to the energy of a photon within the absorption band of B.

There are a few photobiological phenomena in which this 

energy transfer is actually mediated by a photon. As an 

example, we may mention the transfer of energy from lucif-

erin in the lantern of a firefly female to the rhodopsin in the 

eye of a firefly male. However, in the majority of cases, the 

radiation transfer is radiationless, a process that is much 

more efficient at short range. Very few of the photons emit-

ted by firefly females happen to be absorbed in rhodopsin 

molecules of firefly males. The advantage of energy transfer 

by photons is that it can take place over distance. We also all 

depend on the energy transfer taking place directly between 

atoms in the sun and chlorophyll molecules in plants, but 

also, this is a very wasteful process in the sense that a very 

small fraction of the photons emitted by the sun end up in 

chlorophyll molecules. On the other hand, once the quantum 

has been caught by a chlorophyll molecule (or a molecule of 

phycoerythrin or phycocyanin), it is channeled from mole-

cule to molecule with an efficiency of practically 100 % by 

radiationless energy transfer (Fig. 1.20).

There are two main mechanisms for radiationless energy 

transfer: exciton coupling and the Förster mechanism. Exciton 

coupling occurs in a pure form in the photosynthetic antennae 

of green photosynthetic bacteria like Chloroflexus. The so-

called chlorosomes of these bacteria contain rods made up of 

bacteriochlorophyll and carotenoid molecules. The pigment 

molecules are so tightly packed together that the whole rod 

behaves almost as a single pigment molecule; the energy is 

delocalized. This phenomenon, called exciton coupling, pro-

vides very fast transfer of the energy to the reaction center.

In other cases, chromophores may just pairwise be close 

enough to share energy and form what is called exciplexes. 

When exciplexes are formed, the energy levels split up.

The other mechanism, the Förster mechanism or reso-

nance transfer, or dipole–dipole interaction, takes place in the 

phycobilisomes, pigment antennae of cyanobacteria and red 

algae composed of phycoerythrin, phycocyanin, allophyco-

cyanin, and linker peptides holding the complex together 

(phycoerythrin is not always present, and in some cases, there 

are also other phycobiliproteins, such as phycoerythrocya-

nin). Only a few of the chromophores in the phycobilisomes 

are close enough to form exciplexes. A special section will be 

devoted to the Förster mechanism because it is so important.

1.18  The Förster Mechanism for  
Energy Transfer

Thus, the transition of the molecule from one electronic 

energy state to another causes a change in the electrical field 

around it. Conversely, a change in the electric field can cause 

the transition from one energy state to another one. The field 

change caused by the transition in one molecule can cause 

the opposite transition in a neighboring molecule. This is the 

essence of energy transfer by dipole–dipole interaction, the 

Förster mechanism for energy transfer.

Just as the field change from the transition taking place in 

one molecule (the donor) drops off with the third power of 

the distance, so the sensitivity of the other molecule (the 

acceptor) to a field change drops off with the third power of 

Fig. 1.20 Demonstration of energy transfer in phycobilisomes pre-

pared from a cyanobacterium. The chemical composition is exactly the 

same in the two test tubes, except for the concentration of the phosphate 

buffer in which the phycobilisomes are suspended. The test tubes are 

illuminated with green light (absorbed mainly by phycoerythrin), and 

the yellow and red color is due to fluorescence of the phycobiliproteins. 

In the test tube to the left, the phosphate concentration is low, the phy-

cobilisomes are dissociated with large distances between the various 

phycobiliproteins, and the fluorescence is directly emitted by phycoery-

thrin. In the test tube to the right, the phosphate concentration is high 

(0.15 M), the phycobiliproteins are close together in undissociated phy-

cobilisomes, and energy is transferred from phycoerythrin, via phyco-

cyanin, and finally emerges as red fluorescence from allophycocyanin. 

Such “fluorescence resonance energy transfer” (FRET) is nowadays 

exploited in a number of applications, such as a method for DNA 

sequencing (Phycobilisome preparation by Dr. Gunvor Björn, photo by 

the author) 
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the distance. The combined effect is a sixth power relation-

ship: the rate of dipole–dipole energy transfer between two 

molecules is inversely proportional to the sixth power of the 

distance.

We are now ready to have a look at a simplified Förster’s 

formula:

Energy transfer rate factor overlap initegral= ( ) ⋅ ( )f acos / .2 6r

Here φ is the fluorescence quantum yield in the absence 

of the acceptor (see Sect. 1.15), α is the angle between the 

transition moments of the molecules, r is the distance, and 

the overlap integral is the convolution (pointwise product) of 

the donor fluorescence spectrum by the acceptor absorption 

spectrum, integrated over the whole spectral region in 

common.

1.19 Triplet States

Our description of molecular energy states so far has been 

aimed primarily at explaining the properties and processes 

associated with so-called singlet states. A molecule is said to 

be in a singlet state when all its electrons are grouped in 

pairs, so that the two electrons in each pair have opposite 

spins. Spin is a property of an electron or other charged par-

ticle that makes it act like a small magnet to produce a mag-

netic field. Positively charged particles such as atomic nuclei 

also have spin.

Because all electrons in a molecule in a singlet state occur 

in pairs, and the electrons in each pair have opposite spins, 

the electrons produce no net magnetic field. Most molecules 

like to be in a singlet state, so usually the ground state, the 

most stable state, having the lowest electronic energy, is a 

singlet state. A notable exception is the dioxygen molecule 

(making up ordinary oxygen in the air), which we shall come 

back to later.

However, it can occasionally happen that when a mole-

cule has been excited from its ground (singlet) state to an 

excited singlet state, an electron “flips over,” i.e., changes 

spin. Let us take a concrete and important example—the 

chlorophyll a molecule (Fig. 1.18). Like other chlorophyll 

forms, chlorophyll a has two prominent absorption bands 

corresponding to two electronic transitions with high proba-

bility. For chlorophyll a, these absorption bands are in the 

blue and red parts of the spectrum. In a collection of chloro-

phyll a molecules, be it in the plant or in solution, most of the 

molecules are in the ground state. Absorption of a photon of 

red light transforms a ground state molecule to the first 

excited singlet state. Absorption of a photon of blue light 

transforms a molecule from the ground state to the second 

excited singlet state. A molecule in the second excited  singlet 

state very rapidly transfers some of its electronic energy to 

vibrational energy (heat) and lands in the first excited singlet 

state. Then various things can happen. The most “exciting” 

(pardon the expression) of the possibilities is that an electron 

completely leaves the molecule. This is the key step in pho-

tosynthesis and the key step in the whole living world. 

Another possibility is that the molecule “shakes off” more 

energy, heats its environment even more, and returns to the 

ground state. A third possibility is that it emits a photon, 

which carries away the excess energy and also returns the 

molecule to the ground state. A fourth possibility, which is 

realized in only a small fraction of the cases, is that the mol-

ecule is transferred from the first excited singlet state to the 

first (excited) triplet state. Although this happens after only a 

small fraction of excitations, it is important, and if plants 

were not specially equipped to handle such events, they 

would not survive.

A change from a singlet to a triplet state, which involves 

a spin change, a “flip” of an electron, is sometimes referred 

to as “intersystem crossing,” because singlet and triplet states 

can be considered to be two types of states. Intersystem 

crossings are still sometimes also called “forbidden transi-

tions,” because early theories did not include the rare occa-

sions when they occur.

Also, the change from the excited triplet state to the (sin-

glet) ground state is “forbidden.” In fact, it does occur (as 

many forbidden things do in our society). In any case, it does 

not take place quickly, or, in other words, the excited triplet 

state has a long lifetime. A triplet molecule does not easily 

react with a singlet molecule, but if it meets another triplet 

molecule, things are different. The magnetic fields created 

by the unpaired electrons interact. Even if the triplet mole-

cules should not react chemically, they can exchange energy 

and become two singlet molecules. But because creation of a 

triplet state is in most cases a rare event, most triplet mole-

cules are in low concentration, and the chance that two will 

meet is not great. We shall now come to a very important 

exception to this rule, already mentioned above.

1.20 The Dioxygen Molecule

The molecules of ordinary oxygen that we breathe have very 

remarkable properties. The most remarkable, important, and 

unusual of them all is that dioxygen molecules have a triplet 

ground state. From what will follow, the reader might get the 

impression that this is very unfortunate, because it makes oxy-

gen a bit difficult to handle for organisms and imposes many 

threats. We shall deal with some of these in the chapters on 

phototoxicity and photosynthesis. But as is the case with many 

properties of the surprising and exciting world which we 

inhabit, if things were not exactly as they are, we would not be 

around. Just think for a moment that if the  dioxygen in the air 

were in the singlet state, what would happen? We all know that 

oxygen under certain circumstances can react with organic 
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matter such as wood or our own bodies. Not only single houses 

or trees, but whole towns and forests have sometimes burned 

down. When oxygen oxidizes organic matter, large amounts of 

energy are released as heat. Processes that release energy usu-

ally take place quite easily. But for a house to catch fire, some-

thing has to get hot to start with. Once fire has started, other 

things get hot, and the fire is not easy to extinguish. Why is it 

that the fire does not start spontaneously?

The answer is that dioxygen consists of triplet molecules, 

and triplet molecules do not easily react with singlet mole-

cules. Only after things get hot and some of the organic mol-

ecules get into states with lone electrons does a reaction with 

oxygen take place. When this happens, heat is released, more 

organic molecules acquire unpaired electrons and can react 

with oxygen, and so on.

Since we know that electrons like to join to pairs, one 

would expect that two oxygen atoms combine to a dioxygen 

molecule by joining two unpaired electrons to a pair. Instead, 

they combine to form a molecule with two lone electrons, a 

diradical.

1.21 Singlet Oxygen

Singlet dioxygen exists, but its lowest electronic state has 

more energy than the triplet ground state. Singlet oxygen 

can be produced by reaction of ordinary triplet oxygen 

with another compound in the triplet state, provided the 

energy of that other molecule is high enough. As we can 

see from Fig. 1.21, the energy of triplet chlorophyll (in 

relation to the singlet ground state of chlorophyll) is high 

enough to  transfer oxygen from its triplet ground state to 

an excited singlet state called 1Δg, according to the follow-

ing scheme:

  Chlorophyll excited triplet ground state ChlorophyllO( ) + ( ) →2   (ground state)  

The singlet so created is very reactive and can attack vari-

ous other singlet molecules in the cell. If the plant did not 

have special systems both for preventing as much as possible 

the formation of singlet oxygen (this is the role of carotene 

in the plant cell) and for ameliorating the effects of it if it is 

formed, the plant could not survive for long, as shown in 

mutants lacking these protective systems.

In addition to chlorophyll, many other pigments, when 

illuminated, can form triplet states and generate singlet oxy-

gen. We shall deal with this further in the chapter on 

phototoxicity.

The electronic configurations of various O2 molecules 

and O2 ions are shown schematically in Fig. 1.22.

1.22  Some Aspects of Light Recently 
Attracting Increased Interest

In this section, we shall briefly mention aspects of light that 

have recently attracted increased interest and provide refer-

ences for further study.

1.22.1 Surface Plasmons

Surface plasmons constitute a form of energy which can be 

described as intermediate between light and electrical energy. 

Plasmons occur in the interface between an electrically 

 conducting medium and an electrical insulator. They are not 

known to have direct relevance for biology but are used in 

biological research, e.g., for nano-tweezers (see Chap. 5, Juan 

et al. 2012; Dionne et al. 2012). For further information about 

plasmons, see Lakowicz (2006) and Berweger et al. (2012).

1.22.2 Orbital Angular Momentum of Light

This should not be confused with the ordinary angular 

momentum of photons due to their spin, neither should light 

having orbital angular momentum be confused with circu-

larly polarized light. It can be generated only using special 

methods. So far, it has been important mostly for manipula-

tion of very small particles (Grier 2003). Possibly, it can 

have relevance for the origin of chirality of biological mole-

cules, but there is no evidence for this.

1.22.3 Coherence

Coherent light is light in which the waves corresponding to dif-

ferent photons are in step, and such light is best known as emitted 

by lasers. Recently, there has been much discussion concerning 

whether coherent energy transport might occur in photosynthetic 

systems even after absorption of incoherent light and of what 

importance that may be. We refer to Fassioli et al. (2012) and 

Kassal et al. (2013) for an introduction to the literature.
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Fig. 1.22 The electronic configurations in various forms of neutral 

dioxygen (left) and dioxygen ions of biological importance (right). 
Only the “antibonding” (π*) electrons are shown, since all lower orbit-

als are similar (completely filled) for all the species. Arrows of opposite 

directions represent electrons of opposite spin

2nd excited singlet state

Chlorophyll

Oxygen

1st excited singlet state

Triplet state

singlet state (1Δg)

Singlet ground state Triplet ground state

Destructive

reaction

First excited

singlet state (1Σ g+)

Second excited

Fig. 1.21 The various energy states (horizontal lines) of chlorophyll 

(left) and molecular oxygen (right) and their energy transitions (arrows). 

Energy is plotted upward, i.e., a high horizontal line depicts a high 

energy state. Only the most important electronic levels are indicated, 

and the vibrational levels have been omitted. Thicker lines depict energy 

transitions associated with absorption (upward arrows) or emission 

(downward arrows) of light. The long upward arrow from the ground 

state of chlorophyll to the second excited state represents absorption of 

blue light; the shorter upward arrow from the ground state to the first 

excited state absorption of red light. Thin arrows represent radiationless 

transitions, in which energy is either transformed to heat (straight 
arrows) or reaction with another molecule (curved arrows) takes place. 

Emission of light can take place either as fluorescence (rapid light emis-

sion from singlet to singlet state) or as phosphorescence (slow light 

emission associated with change from singlet to triplet, as in chloro-

phyll at low temperature, or from triplet to singlet—in oxygen gas even 

at room temperature)
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2.1            Introduction: Why This Chapter 
Is Necessary 

 This chapter will not deal with measuring equipment or mea-
suring techniques, but with basic concepts of light quantifi -
cation. This topic seems confusing, not only to the layman 
and the student, but also to the expert. Some reasons for this 
confusion are as follows:
    1.    The layman and beginning student erroneously regard the 

“amount” or “intensity” of light as something that can be 
completely described by a number. 
 Such a view disregards the following: 
    (a)    Light consists of components with different wavelengths. 

A full description of the light would thus give informa-
tion about the “amount” of light of each wavelength.   

  (b)    Light has direction. The simplest case is that all 
the light we are considering has the same direction, 
i.e., the light is collimated; the rays are all paral-
lel. Another case is that light is isotropic, i.e., all 
directions are equally represented. Between these 
extremes, there is an infi nite number of possible dis-
tributions of directional components.   

  (c)    Light may be polarized—either circularly polarized 
or plane polarized. In the rest of this chapter, we shall 
disregard this complication, but one should always be 
aware of the fact that a device such as a photocell may 
be differentially sensitive to components of different 
polarization, and polarization may be introduced by 
part of the experimental setup, such as a monochro-
mator or a refl ecting surface.   

  (d)    Light may be more or less coherent, with light waves 
“going in step.” We will not address this complication 
in this chapter.   

  (e)    People often disregard or neglect or confuse the con-
cept of time. We must decide whether we want to 
express an  instantaneous  or a  time - integrated  quan-
tity, e.g.,  fl uence rate  or  fl uence , and  power  or  energy . 
Power means energy per time unit.       

   2.    Light is of interest for people investigating or working 
with widely different parts of reality. Experts in different 
fi elds have used different concepts and different nomen-
clature, partially depending on what properties of light 
have been interesting for them and partly due to the whims 
of historical development. Only rather recently have there 
been serious attempts to achieve a uniform nomenclature, 
and the process is not yet complete.      

2.2    The Wavelength Problem 

 As we cannot always quantify light by giving the complete 
spectral distribution, we have to quantify it in some simpler 
way. From the purely physical viewpoint, there are two basic 
ways. Either we express a quantity related to the number of 
photons or a quantity related to the energy of light. For a 
light of single wavelength, the energy of a photon is inversely 
proportional to the wavelength and the proportionality con-
stant is Planck’s constant multiplied by the velocity of light. 

 There is an ultimate way of calibration only for the 
energy of light. For this we can use a hollow heat radiator of 
known temperature, which will radiate in a way predictable 
by basic physics. Using such a radiator, a photothermal 
device, such as a thermopile or a bolometer (see Chap.   4    ), 
can be  calibrated, and then any kind of light can be mea-
sured with it and expressed in energy or power units. We can 
use it for measuring a series of “monochromatic” (i.e., nar-
row-band) light beams, and they, in turn, can be used for 
calibrating other measuring devices in either energy or pho-
ton units. 

 Actinometers, i.e., photochemical devices, seem to count 
photons, but in this case the ability of photons to cause a 
response (the quantum yield) varies with wavelength. 
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 We can also use photomultipliers as photon counters, but 
we should be aware that they do not, strictly speaking, count 
photons, but impulses caused by photons. Some impulses are 
not caused by incident photons, but by electrons knocked out 
from the photocathode by the heat vibration of the atoms 
in it. We try to minimize this by cooling the photocath-
ode. Furthermore, all photons do not have the same ability 
to knock out electrons from the photocathode and cause 
pulses to be counted. This ability is wavelength dependent. 
Therefore, we cannot use photon counting as an independent 
calibration method. 

 The units for expressing light as photons are as follows:
    1.    Photons (number of photons).   
   2.    Moles of photons (the symbol is mol), which is 

6.02217·10 23  photons, or a unit derived from this, such as 
micromole of photons (6.02217·10 17  photons). The sym-
bol for the latter is μmol.     
 Either of these can be expressed per time and/or per area or 

(rare in biological contexts) per volume. 
 The unit for energy is joule (J). Energy per time is power, 

and joule per second is watt (W). Both can be expressed per 
area (or, rarely in biological contexts, per volume, i.e., energy 
density or power density). 

 You should note that simply giving a value followed by 
“W/m 2 ” without further qualifi cation is not defi ned, since 
one cannot be sure what kind of area you are expressing with 
m 2 . Is it a fl at area or a curved one? If it is fl at, what is its 
direction? This brings us to the topic of the next section.  

2.3     The Problem of Direction and Shape 

 Most light-measuring systems are calibrated using light of 
(approximately) a single direction, i.e., collimated light. 
However, light in nature, where most plants live, is not col-
limated. If the sky is cloudless and unobstructed, the rays 
coming directly from the sun are rather well collimated, but 
in addition there is skylight and light refl ected from the 
ground and various objects. A plant physiologist who wants 
to understand how plants use and react to light has to take 
this into account. 

 Traditionally, most measuring devices can be regarded as 
having a fl at sensitive surface, and when we calibrate the 
instrument, we generally position this surface perpendicu-
larly to a collimated calibration beam. A plant leaf is also 
fl at, so in the fi rst approximation we can measure light in 
single-leaf experiments with a fl at device with the same 
direction as the leaf. But a whole plant is far from fl at (except 
in very special cases). Different surfaces on the plant have 
different directions. Ideally we should know the detailed 
directional (and spectral) distribution of the light impinging 
on the plant, but this is not possible in practice. Since a plant 
is a three-dimensional object, it would in most cases be  better 

to determine the light using a device having a spherical shape 
and equally sensitive to light from any direction. This brings 
us to the distinction between
    1.    Irradiance, i.e., radiation    power incident on a fl at surface 

of unit area, and   
   2.    Energy fl uence rate (or fl uence rate for short), i.e., radia-

tion power incident on a sphere of unit cross section. The 
term fl uence rate was introduced by Rupert ( 1974 ).     
 Both these concepts have their correspondences in photon 

terms. For case 1 the nomenclature is not settled, but it would 
be logical to use the term photon irradiance. Many people, 
especially in the photosynthesis fi eld, use the term photon 
fl ux density and the abbreviation PFD (PPFD for photosyn-
thetic fl ux density; see below). For case 2 the term photon 
fl uence rate is well accepted among plant physiologists, but 
hardly among scientists in general. 

 Energy fl uence is the energy fl uence rate integrated over 
time. By fl uence is meant as the same thing as energy 
fl uence. 

 We shall now compare irradiance and energy fl uence for 
different directional distributions of light (see Fig.  2.1 ):
     1.    Collimated light falling perpendicularly to the irradiance 

reference surface. In this case, the fl at surface of unit area 
and the sphere of unit cross-sectional area will intercept 
the light equally, and irradiance will be the same as fl u-
ence rate.   

   2.    Collimated light falling at an angle  α  to the normal of the 
irradiance reference plane. In this case, the light inter-
cepted by the fl at surface of unit area will be less than that 
intercepted by the sphere of unit cross-sectional area. The 
irradiance will be cos( α ) times the fl uence rate. Since 
cos( α ) is less than unity, the irradiance in this case will be 
lower than the fl uence rate.   

   3.    Completely diffuse light falling from one side only. The 
ratio of irradiance to fl uence in this case will be an  average 
of cos( α ) for all angles  α  from 0 to + π /2 weighted by sin( α ), 
i.e., ∫ sin( α )·cos( α )·d x /∫sin( α )·d x  with the integral running 
from 0 to + π /2, and this is equal to 1/2. Thus, the irradiance 
in this case is half the fl uence rate. The reason we have to 
weight cos( α ) by sin( α ) is that all values of  α  are not equally 
“common” and do not have the same probability. The vari-
ous directions may be thought of as corresponding to points 
on a big sphere, the center of which is the point of measure-
ment. The sphere can be thought of as divided into a pile of 
rings, and each ring (corresponding to a value of  α ) has a 
radius, and hence a circumference proportional to sin( α ).   

   4.    Completely diffuse light from both sides, i.e., isotropic 
light. The sphere is then hit by light over its whole sur-
face, but for the fl at receiver we still count only one sur-
face (irradiance is defi ned in this way), so irradiance is 
one quarter of the fl uence rate in this case. We can easily 
remember this if we think that the area of a circle is one 
quarter of the area of a sphere with the same radius.    
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  We may now make a table of various quantities associated 
with light measurements (Table  2.1 ).

   In all the above cases, we add the word “spectral” before 
the various terms if we wish to describe the spectral variation 
of the quantity. We may thus write, e.g., spectral fl uence rate 
on the vertical axis of a spectrum of light received by a 
spherical sensor. 

 What we here have called fl uence rate is termed  actinic 
fl ux  by atmospheric scientists. Two more terms with the 
same meaning are  space irradiance  and  scalar irradiance . 
The term space irradiance was introduced by Grum and 
Becherer ( 1979 ). The term  spherical irradiance  has been 
used in similar contexts, but means one quarter of the fl uence 
rate.  Vectorial irradiance  is just the same as irradiance. The 
reader should use just one system of terms, preferably irradi-
ance and fl uence rate, but may encounter all these other 
terms in the literature. 

 Few instruments on the market, and very few spectroradi-
ometers, are designed for direct measurement of fl uence rate. 
Most of them are constructed for irradiance measurements 
and a few for measurement of radiance (see below). But Björn 
( 1995 ) and Björn and Vogelmann ( 1996 ) have shown how 
irradiance meters can be used for estimation of fl uence rate. 

 So far we have been dealing with light falling on a sur-
face, either a fl at or a spherical one. But we may need to 
express other quantities, for instance, the total power (energy 
per time unit) output of a light source. The unit for this is, of 
course, W (watt). The power emission per unit area of 
the source is called the  radiant excitance  and is measured in 
W/m 2  (just like irradiance and fl uence rate, so beware of con-
fusing them). The power emission takes place in different 
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  Fig. 2.1    The concepts of irradiance and fl uence rate. In ( a)  the incident 
light is perpendicular to the surface of the fl at irradiance sensor. In this 
case, fl uence rate and irradiance are equal. In ( b)  the incidence angle is  α . 
The irradiance sensor then intercepts only the fraction cos  α  of what the 
fl uence rate sensor does. In ( c)  the light is diffuse, but incident only from 

above. Then the fl uence rate is twice the irradiance. In ( d ) the sensors 
are immersed in diffuse radiation from all directions, but the irradiance 
sensor senses radiation only from above. In this case the fl uence rate is 
four times the irradiance (Courtesy Pedro J. Aphalo and Eva 
Rosenqvist)       

   Table 2.1    Various quantities associated with light measurements   

 Flat receiver  Spherical receiver 

 Instantaneous values 
 Energy system  (Energy) irradiance  (Energy) fl uence rate 

 Unit: W m −2   Unit: W m −2  
 Photon system  Photon irradiance  Photon fl uence rate 

 (=photon fl ux density) 
 Unit: mol m −2  s −1   Unit: mol m −2  s −1  

 Time integrated values 
 Energy system  (Energy density)  (Energy) fl uence 

 Unit: J m −2   Unit: J m −2  
 Photon system  –  Photon fl uence 

 Unit: mol m −2  
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directions; in total there is a solid angle of 4 π  steradians (sr) 
surrounding a source. Usually the emission is not equally 
distributed in all directions, so for a certain direction we 
might like to specify the power emission per steradian. This 
quantity is called the  radiant intensity  in that direction, and 
the unit is W/sr. (Note that the term intensity is often (errone-
ously) used in another and usually not well-defi ned sense). 
The radiant intensity per area unit on a plane perpendicular 
to the light is called  radiance , and the unit is W/sr/m 2 . The 
offi cial defi nition of radiance (usually denoted by  L ) is as 
follows: radiant power ( P ), leaving or passing through a 
small transparent element of surface in a given direction 
from the source about the solid angle  θ , divided by the solid 
angle and by the orthogonally projected area of the element 
in a plane normal to the given beam direction, d S  cos  θ . With 
mathematical symbols we write:  L  = d 2  P /(dΩ d S  cos  θ )    for a 
divergent beam propagating in an elementary cone of the 
solid angle Ω containing the direction  θ . 

 If we integrate the radiance over all 4 π  radians for both Ω 
and  θ , we get back to the fl uence rate that we are already 
familiar with. 

 Fortunately, the average photobiologist need not keep all 
these concepts in his or her head at all times. You can look them 
up when needed. However, you must be clear over the meaning 
of irradiance and fl uence rate and not confuse these two con-
cepts. As a practical illustration of how the ratio of fl uence rate 
to irradiance can vary under natural conditions, see Fig.  2.2 .

   A comprehensive list of recommended units, concepts, 
and symbols for photo-science is published by Braslavsky 
et al. ( 2007 ).  

2.4     Biological Weighting Functions 
and Units 

 Section  2.3  concludes the physical quantifi cation of light. 
However, there has been a need for additional concepts in 
connection with organisms and biological problems. 
Traditionally there has been a special system related to the 
human perception of light. We can here limit ourselves to 
 illuminance , which is expressed in lux. Neglecting the his-
torical development, we can say that lux is the integrated 
spectral irradiance weighted by a special weighting function. 
This weighting function is precisely described mathemati-
cally, but can be thought of as the average (photopic, i.e., 
related to strong light vision mediated by cones) eye spectral 
sensitivity for a large number of people. (Rarely we also see 
the expression “scotopic lux,” which is the corresponding 
term using the scotopic visibility weighting function.) The 
photopic visibility function has its maximum at 555 nm, and 
for this wavelength 1 W/m 2  equals 683 lx. For all other wave-
lengths, 1 W/m 2  is less than 683 lx. Illuminance integrated 
over a fl at area is called  luminous fl ux , and the unit is lumen. 
Thus lux is lumen per square meter. In older American litera-
ture the unit foot-candle (f.c.) is used instead of lux. Foot- 
candle equals lumen per square foot, and since there are 
3.2808399 ft in a meter, there are 3.2808399 2  = 10.763910 
square feet in a square meter, and also 10.763910 lx in a foot- 
candle. There are also a number of other photometric con-
cepts and units, which we seldom need in photobiology. 
Many of them are defi ned in the  Handbook of Chemistry and 
Physics . 
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 Similarly we may, for purposes other than vision (reading 
light, working light), weight the spectral irradiance by other 
functions. These functions approximate various photobio-
logical action spectra (see Chap   8    ). One special function is 
zero below 400 nm and above 700 nm, and unity from 400 to 
700 nm. This describes by defi nition photosynthetically 
active radiation, or PAR. Usually one uses the spectral pho-
ton irradiance to weight by this function, and this is the 
meaning of the often used term PPFD, photosynthetic photon 
fl ux density. To assume photosynthetic zero action  outside 
the range 400–700 nm and the same action for all compo-
nents within the range is, of course, physiologically speaking 
an approximation, but an approximation that people have 
agreed upon, just as the defi nition of lux involves an approxi-
mation that holds well only for photopic (cone) vision. 

 Other weighting functions are used for “sunburn” meters to 
yield “sunburn units,” but in this fi eld we have to watch out for 
various “units” used by various people. One kind of sunburn 
meter used much in the past is the Robinson-Berger meter, but 
recently a new agreement has been reached for using a weight-
ing spectrum more closely resembling the true sunburn action 
spectrum (for Caucasian skin). One weighting function to 
determine safe working conditions shown in Fig.  2.3  is dam-
aging UV. This particular function was agreed upon in 1991 
by the International Radiation Protection Association (IRPA) 
and the International Commission on Nonionizing Radiation 
Protection (ICNIRP). Another, slightly different function for 
similar purposes was devised by the American Conference of 
Governmental Industrial Hygienists (ACGIH).

   In reality, of course, different kinds of damage, such as 
damage to the cornea and to the lens of the eye and to skin of 
persons with different pigmentation, have different action 
spectra. Also the standard PAR is an approximation to real-
ity, since different plants, and even the same plant in differ-
ent states, have different action spectra for photosynthesis. 

 There are numerous other weighting spectra in use for esti-
mating radiation with other biological actions. We shall address 
some of them in the chapter on ultraviolet radiation effects. 

 Some meters, such as lux meters, sunburn meters, and 
meters for PAR, are constructed with spectral responses 
approximating the weighting functions and can therefore 
directly yield the values we want without spectral decompo-
sition of the light. For more precise work, and in the case of, 
e.g., UV inhibition of plant growth, it is necessary to mea-
sure (using a spectroradiometer) each wavelength compo-
nent separately and weight by the weighting function using 
arithmetics (usually computers are used).     
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Protection ( ICNIRP ) and thus having a certain offi cial status.  PAR  
stands for photosynthetically active radiation, and this weighting factor 
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ing function is applied more often to photon irradiance or photon fl u-
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function is that used for conversion of W/m 2  to lux (or W to lumen). The 
maximum is here made unity to allow plotting together with the other 
functions, but in absolute units it corresponds to 683 lx per W at 555 nm. 
The Lux graph in fact consists of two plots, so close that they hardly can 
be distinguished in the diagram—both the offi cial values from a table 
and an analytical approximation consisting of the  difference between 
two Gauss functions: weighting factor = exp[− (555− λ )/63.25] 2 − exp
[−(495− λ )/30] 2 /6.8, where  λ  stands for wavelength in nm       
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3.1            Introduction 

 Any photobiological experimental setup consists of three 
main parts: a light source, a light path, and a target. The bio-
logical object under investigation may form the light source, 
part of the light path, or, as in the most common case, the 
target. In the following, we shall treat the nonbiological com-
ponents of the experimental setup.  

3.2    Light Sources 

3.2.1    The Sun 

 Almost all the natural light at the surface of the earth comes 
from the sun (this holds, of course, also for moonlight). The 
sun, on the whole, radiates as a glowing blackbody at a tem-
perature of about 6,000 K. We have already mentioned the 
absence of some wavelength components from sunlight due 
to absorption in the outer cooler layers of the sun. Sunlight is 
further modifi ed by the Earth’s atmosphere before it reaches 
ground level. More about this and other natural light condi-
tions will follow in Chaps.   6     and   7    .  

3.2.2    Incandescent Lamps 

 The light from an incandescent lamp originates at the surface 
of a glowing fi lament, which nowadays is, almost invariably, 
made from tungsten. It is heated by an electric current fl ow-
ing through it. In order not to be destroyed (oxidized) by the 
oxygen in the air, the fi lament is enclosed in an envelope 
made of glass or quartz. The envelope is either evacuated 

(most commonly for small lamps) or fi lled with an inert gas 
or iodine vapor. 

 The spectral composition of the emitted light is strongly 
dependent on the temperature of the fi lament. As a fi rst 
approximation, the spectrum varies with temperature as does 
that of blackbody radiation (Planck’s law). However, due to 
the wavelength dependence of the emissivity of tungsten, 
more shortwave radiation is emitted than from a blackbody 
of the same temperature. The fi lament is, in most cases, 
coiled, which makes it somewhat “blacker” (more like a 
glowing cavity) than a smooth tungsten surface would be. 

 In most cases, it is desirable to obtain as much as possible of 
the radiation toward the short-wavelength end of the spectrum, 
i.e., to operate the lamp with as high a fi lament temperature as 
possible (the temperature can be increased by increasing the 
voltage). However, this results in a shorter life of the lamp, 
because the tungsten evaporates more quickly (and condenses 
again on the envelope, which blackens it). As a rule of thumb, an 
increase of the voltage by 10 % above the recommended voltage 
will decrease the lamp life to one third (i.e., by two thirds). 

 The lamp life at a certain fi lament temperature can be 
increased by making the fi lament thicker. Thereby, a certain 
power (wattage) is reached at a lower voltage (using a higher 
current). A further advantage of low-voltage lamps is, in 
many cases, that the fi lament is shorter. Quite often a small 
(“point-like”) light source is desirable in optical systems. 

 A gas-fi lled envelope permits a higher fi lament tempera-
ture than an envelope with vacuum. A mixture of argon and 
nitrogen is the most common choice (old-fashioned house-
hold bulbs). The addition of iodine (“halogen lamps” or 
“quartz–iodine lamps”) permits an even higher temperature. 
This is because the iodine vapor combines with the tungsten 
vapor. The compound is decomposed again when the mole-
cules hit the hot fi lament, which is thereby continuously 
regenerated. For the regeneration to work properly, the tem-
perature of the envelope must be so high that the tungsten 
iodide cannot condense on it. Therefore, such lamps are 
manufactured with a very small envelope made of quartz, 
which can withstand high temperature. 
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 The advantages of incandescent lamps are their low cost, 
no requirement for complex electrical circuitry, and stability. 
The main disadvantage is that the emission at the short- 
wavelength end of the spectrum is low and the spectrum is 
strongly dependent on the current through the lamp and there-
fore diffi cult to keep absolutely constant. A method to esti-
mate the spectrum of an incandescent lamp fed with direct 
current (within the spectral range where the glass or quartz 
envelope does not absorb appreciably) has been devised by 
Björn ( 1971 ). The principle is as follows: using a small cur-
rent and measuring both the current through and the voltage 
across the lamp, the room temperature resistance of the lamp 
is measured (this is essentially the resistance of the tungsten 
fi lament). After the lamp has been powered up (with direct 
current), the current and voltage are measured again. From 
this, the “hot” resistance is computed. The temperature of the 
glowing fi lament can be computed from the ratio between 
room temperature resistance and “hot” resistance, and from 
this (using the Planck formula for a blackbody radiator and 
the known temperature- and wavelength-dependent emissiv-
ity of tungsten), the spectrum can be computed. 

 Using these principles, emission spectra for a lamp with a 
24 V rating operated at various voltages were computed 
(Fig.  3.1 ) according to Björn ( 1971 ).

3.2.3        Electric Discharges in Gases 
of Low Pressure 

 In a gas discharge lamp, an electric current is fl owing through 
a gas. The gas emits light, the spectral composition of which 
depends on the gas. When the gas has a low pressure, it emits 
a line spectrum, i.e., only light of certain wavelengths is rep-
resented (in contrast to the continuous spectrum emitted by 
an incandescent lamp). 

 The basic parts of a gas discharge lamp are a gas enclosed 
in a transparent envelope and the two electrodes necessary 

for the conduction of current to and from the gas. In addition 
to this, it is often necessary with other parts, such as heating 
fi laments, to release enough electrons to start the current 
through the gas or to vaporize, e.g., mercury or sodium when 
vapors of these metals are to be used as emitting gas. 

 The electric resistance of an incandescent lamp increases 
when the current through it increases, since tungsten has a 
higher resistivity the higher the temperature. Thus, an incan-
descent lamp is self-regulating and burns in a stable way as 
long as the voltage is constant. In a gas discharge lamp, the 
reverse holds: its electric resistance decreases with increas-
ing current. Therefore, such a lamp has to be connected to 
some kind of circuitry limiting the current. In the case of 
direct current, a series resistor is often used, and in the case 
of alternating current, a choke. 

 Gas discharge lamps containing mercury vapor of very 
low pressure emit most of their energy as ultraviolet radia-
tion of wavelength 253.7 nm. This wavelength is close to the 
absorption maximum of nucleic acids, and the radiation is 
also absorbed by the aromatic amino acids in proteins and 
many other biological molecules. The photons are also ener-
getic enough to initiate many chemical reactions, and there-
fore, this kind of radiation is very destructive for living 
matter. Low-pressure mercury lamps with quartz envelopes 
(which transmit this kind of radiation, in contrast to glass 
envelopes) are therefore used as sterilization (germicidal) 
lamps. 

 Fluorescent lamps are similar lamps, but with glass enve-
lopes, which on the inner surfaces have a fl uorescent layer 
converting the UV radiation to visible light (or, in certain 
cases, to UV radiation of longer wavelength than the original 
emission). 

 Glow lamps are a kind of low-pressure gas discharge 
lamp, usually containing neon. Lamps containing the ele-
ment to be measured are used for atomic absorption spec-
troscopy. Low-pressure sodium lamps, emitting almost 
monochromatic light at 589 nm, have been used extensively 
as sources of outdoor working light, because they give more 
visible light per unit of energy input than any other type of 
lamp. To a large extent, they have been abandoned, mostly 
because our color vision cannot be used with monochromatic 
light. 

 Microwave radiation is used for the energy input in some 
other gas-fi lled lamps, such as “electrodeless” high-pressure 
xenon lamps.  

3.2.4     Medium- and High-Pressure 
Gas Discharge Lamps 

 If the vapor pressure in a mercury lamp is increased, more 
and more of the emission at 253.7 nm is reabsorbed, and 
fi nally, very little of this radiation escapes from the vapor. 

  Fig. 3.1    Emission spectra of an incandescent lamp with a nominal rat-
ing of 24 V run at different voltages, with computed fi lament tempera-
tures indicated. The lowest dashed curve corresponds to 8 V and 
1,547 K       
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Instead, spectral lines of longer wavelength emerge (medium- 
pressure mercury lamps). At even higher pressures, the spec-
tral lines are broadened to bands (high-pressure mercury 
lamps), and fi nally, a continuous spectrum results (superhigh- 
pressure mercury lamps). 

 Deuterium (heavy hydrogen) lamps of medium pressure 
are used as light sources for spectrophotometry in the ultra-
violet region. 

 Lamps containing xenon of high pressure are used to 
obtain a strong continuous emission from 300 nm and into 
the infrared. Depending on the composition of the envelope, 
more or less of shorter wavelength, ultraviolet also escapes. 
Xenon lamps come in a great variety of types. We use lamps 
running at about 24 V on direct current (but ignited with 
about 2,000 V = danger!!) and wattages (rated powers) from 
150 to 900 W. Xenon lamps of higher wattage are often water 
cooled. Electrodeless xenon lamps are also manufactured. 
They are powered by microwave radiation. 

 Because xenon lamps with UV-transparent envelopes 
cause conversion of oxygen to ozone, such lamps must be 
provided with exhausts to transport the ozone out of the 
building. The same holds for high-pressure mercury lamps 
with UV-transparent envelopes. 

 All high-pressure lamps are dangerous because they can 
explode. They must therefore never be operated without pro-
tective housing. Even when cold, they should be handled 
with care, using eye protection and other appropriate safety 
measures.  

3.2.5    Flashlamps 

 Electronic fl ashes are xenon lamps through which a capaci-
tor is discharged when a special triggering pulse has ionized 
the gas. The energy available is proportional to the capaci-
tance of the capacitor and to the square of the voltage to 
which it has been charged. In many cases, it is desirable to 
have a short fl ash duration. This requires that the impedance 
of the circuit is low (short leads) and the capacitance low 
(high voltage has to be applied to the capacitor to get enough 
energy with a low capacitance). It is also necessary to pre-
vent the circuit from oscillating and causing multiple fl ashes. 
Ordinary photographic fl ashes have a fl ash duration of about 
1 ms. If they are “automatic,” i.e., combined with a light- 
sensing photodiode and appropriate circuitry, the fl ash will 
be cut off when a certain amount of light energy has been 
emitted.  

3.2.6    Light-Emitting Diodes 

 Light-emitting diodes (LEDs) are used in applications where 
very strong light is not needed, for instance, as indicator 

lights and displays. However, the maximum output power 
available from LEDs is increasing, and LEDs are the cheap-
est devices that can be modulated very rapidly: using an 
appropriate circuit, they can be switched on and off in a few 
nanoseconds. For this reason, they were used early as light 
sources for measuring variable fl uorescence in plants. 
Initially, the trouble with this was that only red-emitting 
diodes were intense enough and their red light is not easy to 
effi ciently separate from the chlorophyll fl uorescence. Now 
suffi ciently intense blue-emitting diodes are also available. 

 LEDs of several spectral emission types are presently 
manufactured: ultraviolet A, B, and C and blue, green, yel-
low, red, and infrared. It should be noted that they are not 
monochromatic light sources and especially the shortwave 
rated LEDs often have a broadband emission of longer wave-
length than the nominal emission. For some types, the emis-
sion spectrum changes with operating current. LEDs are 
powered by a low-voltage source (e.g., a 1.5 V battery; some 
types need up to 5 V) in series with a resistor limiting the 
current to the rated value. Proper polarity should be observed. 

 Traditional LEDs contain inorganic semiconductors 
such as GaN, InGaN, SiC, and GaAsP (see Table  3.1 ). Very 
recently, several laboratories and companies have started to 
develop organic light-emitting diodes (OLEDs), which will 
probably widen the range of spectral types available. 
Roithner also markets a range of infrared-emitting diodes 
with emission peak wavelengths to greater than >4.5 μm. 
A LED emitting at 210 nm has been constructed (Taniyasu 
et al.  2006 ) but as of this writing not yet commercially 
available. An interesting new development is the construc-
tion of a LED that can generate a single photon at a time 
(Yuan et al.  2002 ).

3.2.7       Lasers 

 Laser is an acronym for light amplifi cation by stimulated 
emission of radiation. Stimulated emission occurs when a 
photon causes a molecule in an excited state to emit a second 
photon. Stimulated emission as such requires no special 
equipment. It occurs regularly when photons of the proper 
energy encounter excited molecules. However, as a rule, 
excited molecules are very rare compared to molecules in the 
ground state (remember the equilibrium concentration for-
mula,  N   y  / N   x   = exp( E   x   −  E   y  )/ kT ). To get light amplifi cation by 
stimulated emission, we must have more stimulated emis-
sion than light absorption, which means that we must have 
more molecules in the proper excited state than in the ground 
state. This can be achieved in different ways but never by 
“direct lift” from the ground state by absorption of light. 
Various lasers employ indirect “optical pumping” (some-
times by another laser), electrical energy, or chemical reac-
tions. For a laser to work, photon losses must also be 

3 Generation and Control of Light



30

minimized by a suitable optical confi guration, often involv-
ing mirrors. 

 Laser light has some unusual properties:
    1.    Laser light is coherent in the sense that the light consti-

tutes very long wave trains, contrary to ordinary light, 
where each photon can be regarded as a limited wave 
packet independent of other photons.   

   2.    Laser light can be made very collimated (all rays very 
parallel).   

   3.    Laser light is usually very monochromatic (very narrow 
spectral bandwidth) or consists of a small number of such 
very narrow bands.   

   4.    Laser light may be (but is not necessarily) plane 
polarized.   

   5.    The light from some types of lasers is given off in 
extremely short pulses of extremely high power (energy 
per time unit). However, this does not hold for all lasers. 
Some lasers emit light continuously and have very feeble 
power.     
 Even lasers of low power, such as the helium–neon laser, 

should be handled with some caution. This is because the 
beam is so narrow, parallel, and monochromatic that if it hits 
your eye all its power will be focused onto a very small area 
of your retina and blind that particular spot. 

 One kind of laser that is in everyday use is the continuous 
helium–neon laser, emitting at 632.8 nm and a few infrared 
wavelengths. Dye lasers are advantageous in many cases 
because the wavelength can be selected over a wide range 
(within the fl uorescence band of the dye used, and the dye 
can be changed if necessary). You may sometimes encounter 
a YAG laser. YAG is the acronym for yttrium aluminum gar-
net, containing trivalent neodymium ions in Y 3 Al 5 O 12 . They 
are very powerful emitters of infrared radiation of 1,060 nm 
wavelength. For photobiological purposes, they are some-
times combined with frequency doublers made of potassium 

phosphate crystals, so that green light of 530 nm wavelength 
is obtained. The wavelength can be further changed either by 
letting the light undergo Raman scattering or by using it as a 
power source for a dye laser. Diode lasers are photodiodes 
emitting coherent light. They are now the most common 
lasers, used in CD players and other optical readout devices 
and laser pointers. They are available from 370 nm in the 
UV-A band to the long-wavelength red.   

3.3    Selection of Light 

 In many cases, you do not want to use light as it comes from 
your light source. You may wish to remove some parts of the 
spectrum or select just a narrow spectral band or select light 
with a certain polarization, or you might wish to modulate 
the light in time, for instance, quickly change from darkness 
to light or obtain a series of light pulses. The fi rst three sec-
tions below will deal with wavelength selection. A review of 
fi lters and mirrors of interest to biologists is provided by 
Stanley ( 2003 ). 

3.3.1     Filters with Light-Absorbing 
Substances 

 The simplest devices for modifying the spectral composition 
of light are fi lters with light-absorbing substances that 
remove certain components from the spectrum. These color 
fi lters may be solid or liquid. 

 Cheap fi lters, which are quite useful for some purposes, 
consist of colored plastic (e.g., Plexiglas or cellulose ace-
tate). Colored cellophane is not recommended as it is rather 
unstable, and cellulose acetate has to be used with great cau-
tion since it bleaches with time. It must also be realized that 

   Table 3.1    Examples of 
LEDs and where to obtain 
them   

 Peak wavelength (nm)  Semiconductors  Company and URL 

 237–365  AlGaN/GaN  Sensor Electronic Technology, Inc. 
   www.s-et.com     

 370–390  GaN  Nichia America 
 460  GaN    www.nichia.co.jp/en     
 470, 505, 525  SiC/GaP  LEDtronics 
 574, 595, 611  InGaAlP    www.ledtronics.com     
 630  GaAsP/GaP 
 660  GaAlAs/G 

 AlAs 
 660, 700, 720  GaAlAsP  Roithner Lasertechnik 
 780, 810, 905  GaAlAsP    http://www.roithner-laser.com/     
 375–1550  InGaN  Epitex 

 AlGaAs/AlGaAs    http://www.epitex.com/     
 240–415  InGaAsP  Spectrecology 

   http://www.spectrecology.com/     
 (All accessed Aug. 17, 2013) 
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all these substances transmit far-red light and infrared radia-
tion freely. Thus, a piece of green Plexiglas does not transmit 
just green light. It is very instructive to put one, two, three, 
etc. sheets of green Plexiglas on an overhead projector and 
watch the effect (or look through the sheets toward an incan-
descent lamp). One or two sheets look clearly green, after 
which the color becomes indescribably dirty and fi nally 
shifts to deep red. This is because far-red light is transmitted 
even more freely than green light, and when practically all 
the green light (to which our eyes are most sensitive) is gone, 
we see the remaining far-red, which is otherwise hidden by 
the green. Remember that plants, contrary to our eyes, are 
more sensitive to far-red light than to green! 

 Undyed cellulose acetate can be used as a cutoff fi lter to 
remove UV-C radiation but retain UV-A and UV-B. The 
exact absorption depends on the thickness and must be 
checked regularly because the fi lter changes, especially in 
front of a UV radiation lamp. A more stable alternative is a 
special type of uncolored Plexiglas, number FBL.2458 (from 
Röhm GmbH, ordinarily used in front of the UV radiators in 
Solaria). 

 A great variety of gelatin fi lters for photographic use are 
manufactured by Ilford, Kodak, and other companies. They 
may also be very unstable in strong light and also freely 
transmit far-red light. 

 From an optical viewpoint, some solutions are much bet-
ter fi lters than anything that can be made in solid form, but 
solutions are in many cases inconvenient to use. Thick layers 
may be required for the optical properties you want, and the 
liquid fi lters may therefore become bulky. Furthermore, 
some of the most useful colored substances are, unfortu-
nately, carcinogenic or toxic in other ways. 

 One useful substance, which is not particularly danger-
ous, is water (see Figs.  3.2  and  3.3 ). It can be used for remov-
ing infrared radiation and thus avoid heating by light from 
incandescent and xenon lamps. Addition of copper sulfate 
increases the absorption of far-red. Copper sulfate should be 
used only with distilled water, and the solution should be 
acidifi ed with sulfuric acid to avoid precipitation of cupric 
carbonate.

    Solutions of potassium dichromate (carcinogenic!) are 
very good for removing light of wavelength shorter than 
about 500 nm, as one might want to do in, e.g., studies of 
fl uorescence. For this purpose, it is far superior to glass fi l-
ters or any fi lters containing organic compounds because of 
the total lack of fl uorescence. We use it for fi ltering away the 
blue excitation light when we study the red chlorophyll fl uo-
rescence from plants. 

 Containers (cuvettes) for solutions of copper sulfate or 
potassium dichromate can be made by gluing together pieces 
of ordinary clear Plexiglas. Be sure that the glue has dried 
thoroughly and throughout before you pour your solution 
into the cuvettes, or you will lose more time than you are 
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  Fig. 3.2    The absorption spectrum of pure water plotted in two different 
ways (Data from Hale and Querry ( 1973 ), replotted)       
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trying to save. It is best to test for leaks using distilled water 
before you put your solutions in. Distilled water can be 
removed again from the leaks, but crystals cannot! 

 Cobalt chloride and nickel sulfate (nasty, carcinogenic, 
toxic, and in the case of nickel allergenic) dissolved in water 
or aqueous ethanol make very good broadband fi lters for the 
UV-B region, but because the substances are so dangerous, I 
do not recommend them unless you really know what you 
are doing and are sure that your cuvettes will not leak. 
Detailed descriptions of solution fi lters, especially for isolat-
ing lines of the mercury spectrum, can be found in Calvert 
and Pitts ( 1966 ), Rabek ( 1982 ), and Gahr et al. ( 1995 ). 

 Colored glass fi lters are made by several companies. My 
personal experience is mainly with fi lters manufactured by 
Schott & Gen. (Mainz, Germany) and Corning (USA). A 
large assortment of such fi lters is available (Fig.  3.4 ), so a 
catalog should be consulted before ordering. Of the fi lters 
from Schott, I have most often found BG12 and BG18 useful 
for isolating broadband blue light, and a series of cutoff fi l-
ters, which cut off the short end of the spectrum (cutoff 
wavelengths from 250 to 780 nm) but transmit light of longer 
wavelength. For a particular kind of glass, the cutoff point 

can be varied by having fi lters of different thickness or using 
several fi lters in tandem.

   All the fi lters absorbing the unwanted light convert the 
absorbed energy to heat. If the light to be fi ltered is strong, the 
fi lters may become overheated and be destroyed. Organic sub-
stances may be decomposed, plastic may melt or burn, solu-
tions may boil, and glass may crack. The risk for these unwanted 
effects is considerably less in the case of interference fi lters.  

3.3.2    Interference Filters 

 An interference fi lter removes the unwanted radiation from a 
beam not by absorption, but by refl ection. It does not contain 
any colored substances but instead a number of partially 
refl ecting and partially transmitting interfaces. Some 
 interference fi lters contain very thin metal fi lms; others are 
made from alternating layers of transparent compounds of 
high and low refractive indices. The complete theory for 
interference fi lters is complicated. However, its essence is 
that when the spacing between the layers is a quarter of a 
wavelength, destructive interference will occur in the 

  Fig. 3.4    Cutoff fi lters made of glass, manufactured by Schott & Gen., 
Mainz. Note that the vertical transmission scale is not linear. The fi lters 
absorb short-wavelength and transmit long-wavelength light. The dia-
gram, drawn for 1-mm (WG 230 to GG 395)- or 3-mm (GG 400 to RG 

1,000)-thick fi lters, does not take refl ection (roughly 0.08 or 8 %) into 
account. The “diabatic” transformation of the vertical scale emphasizes 
the low- and high-transmittance portions. Mathematically, it means that 
scale is linear with the expression {1−log[log(1/transmittance)]}       
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refl ected beam, so no light is refl ected for this particular 
wavelength. Instead, light of this wavelength is transmitted. 
Light with twice or three times (or any integer times) the 
basal wavelength will also be transmitted, since there will be 
layer distances corresponding to a quarter of these wave-
lengths. The reader is referred to Sect.   9.10    , which deals with 
a very similar topic. 

 Interference fi lters of the type just described will thus 
allow several narrow spectral bands to pass through, with 
wavelengths 4, 8, 12, … times the distance between inter-
faces. By combining interference and glass fi lters, one of the 
bands can be selected (Fig.  3.5 ). When using such combina-
tion fi lters, it is essential (at least if strong light is to be fi l-
tered) that the interference part of the fi lter faces the incident 
light. If the absorbing glass part is hit by the unfi ltered light, 
the fi lter might become overheated.

   For the fi lter to function properly, the light to be fi ltered 
must be nearly perpendicular to the fi lter, or the transmitted 
band will be broadened and shifted to longer wavelength. 
Thus, only collimated (parallel) light, not diffuse light or 
light from an extended light source (e.g., a fl uorescent tube), 
can be effi ciently fi ltered by an interference fi lter. 

 Even if interference fi lters do not heat up as easily as 
absorbing fi lters, care should be taken so that their tempera-
ture does not rise by conduction from other parts of your 
apparatus. They should also be protected from moisture. 
When not in use, they should be kept in a desiccator with dry 
silica gel. 

 The half-band width of a spectral band is defi ned as the 
difference in wavelength (or frequency) between the two 
points in the spectrum where the band is half the maximum 
height. Photobiologists often use interference fi lters with 
half-band widths of about 15 nm. This gives a reasonable 
compromise between spectral purity and amount of light 
transmitted. For some purposes, fi lters with half-band 
widths up to 50 nm are useful. There are also interference 
fi lters with half-band widths as small as a fraction of a 
nanometer. They are used, e.g., by astronomers for photo-
graphing the sun using light emitted by a single kind of 
atom. 

 Continuous interference fi lters (also called spectral 
wedges) transmit light of different wavelengths at different 
points on the fi lter. They are usually oblong, with different 
wavelengths along their length. Also, circular spectral 
wedges have been manufactured. 

 There are interference fi lters other than the narrow band 
type. One useful type is Calfl ex (see   http://www.linos.com/
pages/no_cache/home/shop-optik/planoptik/fi lter/?sid = 
12664&cHash = c8035311a6    ). One version of it transmits 
almost the full visible range and refl ects ultraviolet and infra-
red (including far-red).  

3.3.3    Monochromators 

 For high spectral purity of light, yet fl exibility in the choice 
of wavelength, a monochromator is the device of choice. A 
very simple monochromator can be made from a continuous 
interference fi lter between two slits (Fig.  3.6 ). Light of dif-
ferent wavelength is obtained simply by sliding the interfer-
ence fi lter. However, this arrangement is not suitable when a 
small half-band width (high-purity light) is required.

   In earlier times, most monochromators contained a prism 
as the dispersing element (i.e., the component defl ecting the 
light differently depending on wavelength). Gratings were 
too diffi cult to make and hence expensive. New methods, 
however, allow the mass production of high-quality gratings, 
and nowadays, practically all monochromators for the near 
infrared, visible, and ultraviolet regions use a refl ection grat-
ing as the dispersing element. 

 The basic theory for a grating is best understood as an 
extension of Young’s double-slit experiment. Using a com-
puter, we can investigate the effect of increasing the number 
of slits more and more. An essential part of a program for 
this consists of the three equations relating wavelength ( λ ), 
defl ection angle ( θ ), and relative fl uence rate ( I ) to the width 
( b ), number ( n ), and distance ( a ) of the slits:
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  Fig. 3.5    The transmission spectrum for an interference fi lter ( IF ) with 
two transmission peaks. The ratio between the two peak wavelengths in 
this case is 3:2. Either one of the transmission bands can be selected by 
combining the interference fi lter with suitable glass fi lters: UG 11 for 
the short-wavelength band or GG 495 for the long-wavelength band       
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  The highest central peak (nondefl ected light) in Fig.  3.7a  
is called the fi rst-order light. With mixed input light, this 
includes all wavelengths. The two peaks on each side of it is 
the fi rst-order light and so on.

   Comparing the last three printouts (Fig.  3.7b ), we see that 
the defl ection angles increase with wavelength. We can see 
that the second-order light with wavelength 500 nm is 
defl ected to the same angle as the fi rst-order light with wave-
length 1,000 nm. Likewise, fourth-order light of 500 nm 
wavelength, second-order light of 1,000 nm wavelength, and 
fi rst-order light of 2,000 nm wavelength are all defl ected to 
the same angle. As will be explained later, this has important 
consequences for photobiological experimentation. 

 Transmission gratings in the form of multiple slits are sel-
dom used, except as here for teaching the theory of gratings. 
Instead, mirrors with grooves, called refl ection gratings, are 
made in many variants, usually as replicas, i.e., copies 
molded in plastic from very expensive originals. The princi-
ple of operation is essentially the same, except that the light 
exits on the same side of the grating where it enters. 

 Modern refl ection gratings have the added refi nement of 
blaze. This means that the grooves are not symmetrical but 
shaped in such a way that the direction of specular refl ection 
coincides with the diffraction direction for a certain wave-
length—the blaze wavelength. That makes a grating particu-
larly effi cient for this wavelength. If you have a choice, you 
should select a grating with a blaze wavelength near the 
wavelength you are particularly interested in or for which it 
is diffi cult to get suffi ciently strong light. For a lamp–mono-
chromator combination like the one shown in Fig.  3.8 , it is 
usually preferred to have a low blaze wavelength to 
 compensate for the lower lamp output in the UV and blue 
regions. On the other hand, in equipment for the analysis of 

light (monochromator–photomultiplier combinations in 
spectroradiometers or the emission units of spectrofl uorom-
eters), it may be advantageous to use a high blaze wavelength 
to compensate for the lower sensitivity of the photocell for 
long- wavelength light.

   A grating monochromator, in addition to the grating, 
consists of an entrance slit, an exit slit, and optics, which 
forms an image of the entrance slit at the exit slit via refl ec-
tion in the grating. In Fig.  3.8 , we see a schematic diagram 
of one type of monochromator suitable for photobiological 
use. In this case, a plane grating is combined with a concave 
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  Fig. 3.6    Simple monochromator consisting of an interference fi lter 
between two slits. It is here combined with a simple illuminator consist-
ing of a lamp and a lens, providing light which is almost perpendicular 
to the fi lter, which is essential for proper function       
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mirror. Another solution is to use a concave grating, which 
focuses the light without any concave mirror. The wave-
length of light leaving the exit slit is changed by rotating the 
grating. The monochromator is shown in combination with 
an illumination unit consisting of a lamp and a lens. 

 When using a grating monochromator, one should be 
aware of the fact that despite the name, with a certain setting, 
it transmits light of more than one wavelength:
   First, we have the problem of light of various orders (fi rst, 

second, etc.) mentioned above. The wavelength scale on 
the monochromator is valid for only a certain order, usu-
ally the fi rst. When the dial is set at 300 nm, second-order 
light of 150 nm wavelength may also be transmitted.  

  Second, the spectral composition of the light within one 
spectral transmission band depends on the size of the slits. 
A compromise has to be made in choosing the slits: The 
wider they are, the more light is transmitted (Fig.  3.9 ), but 
the narrower they are, the higher the spectral purity 
(which is, in many cases, important). The best compro-
mises are found when the image of the entrance slit (in 
monochromatic light) just covers the exit slit. In this case, 
the spectral transmission band shape would be triangular 
were it not for diffraction at the slits and imperfections in 
the construction. In reality, the spectral band transmitted 
will be of a somewhat rounded triangular shape (see 
Chap.   4    ).
      An interesting new development is the construction of 

acousto-optic tunable interference fi lters (see Tran  1997  for 
a review). Such a fi lter is in a way intermediate between an 
interference fi lter and a grating. The basic principle is that a 
sound wave in a crystal creates regions of alternating low and 
high refractive index, which causes diffraction of a light 
beam. In this way, the unit functions as a grating. But unlike 
a grating, it need not be rotated for changing the wavelength 
of light exiting in a certain direction. This can be done by 

changing the frequency of the sound wave, which is gener-
ated piezoelectrically. This makes possible very rapid scan-
ning over a spectral range by changing the frequency of the 
driving voltage.      
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4.1  Introduction

There are three principal types of light-sensitive devices in 

common use, based upon three different effects of light on 

matter: photothermal, photoelectric, and photochemical 

devices. We shall describe these and their uses and then go on 

to describe a more complex device, the spectroradiometer.

4.2  Photothermal Devices

Photothermal devices have slow response and low sensitiv-

ity. Their great advantage is that, unlike photoelectric and 

photochemical devices, they have the same response per 

energy unit throughout a very wide spectral range. Their 

principle of operation is that the light to be measured is 

allowed to be absorbed by a target. The temperature of the 

target is raised by the absorbed energy, and the temperature 

rise is taken as a measure of the amount of energy absorbed.

4.2.1  The Bolometer

In a bolometer, the target is a temperature-dependent resistor. 

The resistivity of all materials is temperature dependent. In 

the first bolometers, thin platinum foils, blackened with col-

loidal platinum for efficient absorption of light, were used. 

The resistivity of platinum rises with temperature. The 

 platinum foils were freely suspended in the air, and these 

bolometers were very sensitive to air currents.

In the bolometers commonly used in photobiology labo-

ratories today, the targets are thermistors, that is, semicon-

ductor resistors with a large negative temperature 

coefficient. They are protected by a window made from 

sapphire, lithium fluoride, or other materials with a wide 

spectral transmittance range. The light target is part of a 

Wheatstone bridge, so that small changes in resistance can 

be recorded.

The setup is schematically depicted in Fig. 4.1. Of the 

four resistor arms of the bridge, one is variable, so that 

the bridge can be balanced (same potential at the top as at 

the bottom and no current flowing through the meter) with 
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Thus, the irradiance is proportional to the temperature 

change of the target resistor and thus, as shown previously, 

proportional to the current flowing through the meter.

Irradiances down to about 1 W/m2 can be measured with 

a standard bolometer. At lower irradiances, the drift prob-

lems become serious. When a low irradiance is to be mea-

sured, it is best to connect the bolometer to a strip-chart 

recorder or computer to keep track of the drift of the base-

line. A suitable procedure is to expose the bolometer to the 

light for 30 s, then shield it for the same period for recording 

of the baseline, then expose it again, etc. Prolonged exposure 

decreases the reading, because the balancing resistors (not 

directly exposed to the light) heat up by heat conduction.

The calibration of a bolometer can be easily checked as 

described by Björn (1971). For highest accuracy, a special 

standard lamp should be used in the way specified in the 

directions supplied with it. For information regarding stan-

dard lamps, see the section on spectroradiometers.

4.2.2  The Thermopile

A thermocouple is a couple of junctions between two metals. 

Wherever two metals are in contact, a temperature- dependent 

potential difference exists. A thermopile consists of several 

thermocouples (each one with two junctions) connected in 

series, as shown in Fig. 4.2. Of each couple of junctions, one 

is shielded from and the other one exposed to the light to be 

measured. The sensitivity and speed of response are increased 

by attaching small light-absorbing (and heat-radiating) 

shields to the junctions, and these shields should be black-

ened for efficient absorption (and reradiation).

For optimal results, the input resistance of the current 

measuring meter should be matched to the resistance of the 

thermopile, which is of the order of 10–100 ohm. A thermo-

pile is usable down to about the same irradiance as a bolom-

eter. As for the bolometer, the output current is proportional 

to the irradiance.

4.2.3  Thermopneumatic Devices

The principle of pneumatic thermal radiation detectors is 

that the radiation heats a gas. The resulting expansion can be 

detected by the movement of an enclosing membrane. In one 

of the early devices, the Golay detector, the movement was 

detected optically. Sensors based on this principle, used prin-

cipally for infrared radiation, are still being refined, and very 

small movements of the membrane can be detected interfer-

ometrically. Pneumatic detectors are often used in connec-

tion with chopped or pulsating light. In this case, the periodic 

expansion of the gas can be detected by a microphone. Many 

biologists have come in contact with this principle when 

measuring carbon dioxide, for instance, in the measurement 

of photosynthesis and respiration. An infrared gas analyzer 

(IRGA; Fig. 4.3) for such measurements often works in a 

differential mode.

External air passes through an optical cell (“reference 

cell”), then through the cell with the biological sample 

(“sample cell”), and finally through a second optical cell. A 

beam of infrared radiation passes alternatingly through one 

or the other of the cells. From there the radiation continues 

into an analyzing cell, partitioned by a flexible membrane. 

This cell contains the same kind of gas as the one being mea-

sured. Depending on how much radiation there remains after 

absorption in the reference cell and the sample cell, the gas 

in the two halves of the analyzing cell is heated more or less 

and temporarily expands in a corresponding way. Usually 

the target resistor shielded from light. In general, the 

potential difference between the top (R1/R2 junction) and 

bottom (R3/R4 junction) will be U[R2/(R1 + R2) − R3/

(R3 + R4)], so that when the bridge is balanced R2/

(R1 + R2) = R3/(R3 + R4). We now remove the light shield and 

allow the light to be measured to fall on R2. This resistor 

now heats up and changes its resistance by the amount 

ΔR2. The concomitant change in potential between “up” 

and “down” will be U · ΔR2/(R1 + R2), and change in current 

flowing through the meter will be proportional to the resis-

tance change of the target.

Disregarding heating by the current flowing through it, 

the energy taken up by the target consists of the light to be 

measured plus heat radiation from the surroundings, 

assumed to be at absolute temperature Ta. The heat radia-

tion received is proportional to Ta
4 (Stefan–Boltzmann’s 

law). The radiation energy given off by the target (at abso-

lute temperature Tt) is proportional to Tt
4. When equilib-

rium has been reached, we thus have the relationship for the 

irradiance of the light to be measured (k1 and k2 are 

constants):

 
Irradiance = ⋅ = ⋅k T k Ta t1

4
1

4
 

or

Irradiance = ⋅ −( ) = ⋅ +( ) ⋅ +( ) ⋅ −( ) ≈ ⋅k T T k T T T T T T k Tt a t a t a t a t1
4 4

1
2 2

2 −−( )
= ⋅

T

k T

a

2 Δ .

L.O. Björn



39

the heating and expansion is different in the two halves, 

which causes the membrane to vibrate in relation to how the 

radiation is deflected through the reference cell and the sam-

ple cell. By making the membrane form one plate in an elec-

trical capacitor, this vibration can give rise to an electrical 

signal proportional to the difference in gas concentration in 

the sample cell and the reference cell.

Evans (2005) has suggested that some beetles use the 

thermopneumatic principle for detecting infrared radiation.

4.3  Photoelectric Devices

A great number of photoelectric devices exist. They can be 

divided into two main categories, depending on whether 

they exploit an outer photoeffect (at a metal surface in vac-

uum or gas) or an inner photoeffect inside a solid 

semiconductor.

4.3.1  A Device Based on the Outer 
Photoelectric Effect: 
The Photomultiplier

Although many kinds of photocells (as well as television 

camera tubes, image intensifiers, etc.) utilize the outer pho-

toeffect, we shall limit ourselves here to a description of the 

photomultiplier, a device extensively used by photobiolo-

gists. Figure 4.4 shows the basic principle. Inside an evacu-

ated envelope of glass or quartz, there are a number of metal 

plates. The one marked C is the photocathode. It is held at a 

large negative potential relative to ground (wires connected 

to electrical circuitry not shown). The surface of the photo-

cathode exposed to the light to be measured is covered with 

a layer of special metals. Usually a mixture of several metals, 

some of which are alkali metals, is used. Depending on the 

particular metal alloy, photomultipliers have different spec-

tral responses.

When a photon hits the photocathode, an electron is 

released from the metal (as is known from chemistry, alkali 

metals are especially prone to losing electrons; they have a 

low work function). Because the photocathode is at a low 

electric potential, the electron does not return to the surface. 

Instead, it is accelerated toward another metal plate nearby, 

which is held at a higher potential, dynode 1 (D1). In flight 

the electron acquires such a velocity that when it hits the 

dynode, it releases two or three electrons from it. They travel 

on to dynode 2 (at an even higher potential) where further 

electrons are released. Photomultipliers are constructed with 

up to 12 dynodes in series, and at each dynode, more elec-

trons are added. Finally, the electron swarm is collected at 

the final plate, the anode (A in Fig. 4.4). This is usually 

maintained close to ground potential. The electrons flowing 

to the anode represent an electrical current, which also flows 

illuminalted
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Metal 2

current meter

screen for shading
junctions

Fig. 4.2 Schematic diagram of thermopile with current meter
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Fig. 4.3 Principle for an infrared gas analyzer (IRGA), very schematic. 

Infrared radiation passes alternatingly through a cell with reference gas, 

for instance, ambient air, and alternatingly through a cell with gas to be 

analyzed, for instance, air that has passed a compartment with plants 

taking up carbon dioxide. Depending on how much radiation remains to 

be absorbed in the two halves of the analyzing cell, the flexible mem-

brane separating the two halves is deflected to a greater or lesser extent
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Fig. 4.4 Diagram of (side-on) photomultiplier
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through the wire connected to the anode (not shown), and 

this can be recorded and used as a measure of the light inci-

dent on the photocathode.

Contrary to the thermoelectric devices described in the 

previous section, photomultipliers have different sensitivities 

to different kinds of light. Furthermore, they are rather unsta-

ble. Their great advantage lies in the high light sensitivity: 

even individual photons can be recorded by some photomul-

tipliers under suitable conditions. Provided the electronic 

circuitry to which they are connected has a low time con-

stant, photomultipliers also have a short response time 

(although different photomultipliers differ in this respect).

The diagram shows a so-called side-on photomultiplier. 

There are also other designs. A common one is the end-on 

photomultiplier, where the photocathode consists of a thin, 

semitransparent metal film on the inside of the flat end of the 

cylindrical envelope. In this type, the spectral response is also 

dependent on the thickness of the film, which usually varies 

somewhat over the surface. Photomultipliers require an oper-

ating voltage of 500–5,000 V; in many cases about 1,000 V is 

used. The different electrodes are given their proper voltages 

by a chain of resistors between the negative high voltage lead 

and ground. The output current is very strongly dependent on 

the operating voltage, which must therefore be held very con-

stant (with N dynodes and operating voltage U, the output 

current is roughly proportional to UN).

The output is not always measured as a current. As the 

incident irradiance is lowered, the discontinuous nature 

(quantization) of light becomes more and more apparent. At 

very low light levels, it becomes advantageous to record indi-

vidual photons by counting the pulses of current flowing to 

the anode. The measurement of very weak light is further 

dealt with in Sect. 4.7.

Photomultipliers are made with different cathode layers 

for different spectral ranges from the ultraviolet to the near 

infrared (to about 900 nm). Photomultipliers sensitive to 

light of long wavelength generally have a higher dark current 

(dark noise) than others. The noise level can be decreased (to 

achieve a better signal-to-noise [S/N] ratio) by lowering the 

temperature. Liquid nitrogen, dry ice, or Peltier coolers are 

generally used for this. Cooling must be combined with pre-

cautions to avoid dew on the optical components.

4.3.2  Devices Based on Semiconductors 
(Inner Photoelectric Effect)

In the inner photoelectric effect, absorption of a photon 

inside a solid semiconductor results in the separation of a 

positive charge from a negative one.

Photoconductive cells with a semiconductor as the light- 

sensitive element have been used extensively in the past. 

Among these lead sulfide cells for measurements in the near 

infrared, for which no photomultipliers or other suitable pho-

tocells were available, and cadmium sulfide cells for photo-

graphic exposure meters can be mentioned. Photoconductive 

cells are variable resistors and require an external source of 

voltage for creation of a current that can be measured. They 

have a slow response and are not used much for scientific 

measurements.

Photodiodes and phototransistors, on the other hand, can 

be made to have a very rapid response. For very long wave-

lengths (>1,000 nm), they also compete with photomultipli-

ers in terms of sensitivity. The so-called avalanche 

photodiode can be regarded as a semiconductor equivalent 

to the photomultiplier. Photodiodes are often preferred in 

applications where photomultipliers could also be used, 

because photodiodes are small, cheap, and rugged and do 

not require high voltages. In combination with special elec-

tronics, it is nowadays possible to detect single photons of 

1,550 nm wavelength using an avalanche photodiode 

(Namekata et al. 2006), and this is possible also with spe-

cial, cooled photomultipliers (Skovsen et al. 2006). 

Photodiode arrays have become popular for recording a 

whole spectrum at one time (each diode in the array mea-

sures one spectral band).

Two main types of barrier layer cells are in current use: 

the selenium cell and the silicon cell. They are similar in 

principle but differ in their spectral response: the selenium 

cell is most sensitive to green and blue light, and the silicon 

cell, to red and far-red light. The general principle is shown 

in Fig. 4.5.

Because selenium barrier layer cells have a spectral sensi-

tivity somewhat resembling that of the human eye, they are 

used in photometers (lux meters) for measurement of visible 

light at, for example, working places. By combination with 

suitable filters, the spectral sensitivity curve can be made to 

almost completely match the curve for scotopic vision 

(which defines illuminance). In earlier days, such cells were 

also used for photographic exposure meters, where they have 

now been replaced by cadmium sulfide photoconductive 

cells and, more recently, by photodiodes.

contact
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iron

current
meter

−

+

Fig. 4.5 Selenium barrier layer cell with required circuitry. Note that 

the device generates its own operating voltage and does not require any 

battery or other external voltage source
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4.4  Photochemical Devices: Actinometers 
and Dosimeters

Chemical systems for measurement of light and ultraviolet 

radiation are called actinometers. (The best known photo-

chemical device for recording light is photographic film. This 

has also been used for quantitative measurements, but it will 

not be further discussed here. Other chemical systems are usu-

ally better suited for quantitative measurements of radiation.)

Actinometers have the advantage of not having a need for 

calibration by the user and thus do not require the purchase 

of an expensive standard lamp with an expensive power sup-

ply. Standardization has usually been taken care of by those 

who have designed the actinometer. Another advantage is 

that the geometry can more easily be adjusted to the mea-

surement problem. The shape of a liquid actinometer can 

easily be made to correspond to the overall shape of the irra-

diated object under study. In many cases, it is of interest to 

study a suspension or solution that can be put in an ordinary 

cuvette for spectrophotometry or fluorimetry, and the acti-

nometer solution can be put into a similar cuvette.

A large number of actinometers have been devised. Kuhn 

et al. (1989) list and briefly describe and give references to 

67 different systems involving gaseous, liquid, and solid 

phases. Of these they recommend five. In general, actinom-

eters are sensitive to short-wave radiation and insensitive to 

long-wave radiation. Insensitivity to long-wave radiation can 

be both a drawback and an advantage, but by choosing the 

best actinometer for the purpose, one can avoid the disadvan-

tages. One advantage of using an actinometer insensitive to 

long-wave radiation is that one can work under illumination 

visible to the human eye, without disturbing the measure-

ment. We shall give an introduction below to a few different 

actinometers, not all of which are mentioned by Kuhn et al. 

(1989), and then go on to describe more in detail the most 

popular one for ultraviolet radiation—the potassium ferri-

oxalate or potassium iron(III) oxalate actinometer:

 1. The potassium iodide actinometer (Rahn 1997) is sensi-

tive primarily to UV-C radiation (wavelength <280 nm) 

and with slight sensitivity also for short-wave UV-A. It is 

suitable for determining the 253.7 nm radiation from low- 

pressure mercury lamps (bactericidal lamps), since the 

contribution from other spectral lines of the lamp will be 

negligible (but the ferrioxalate actinometer works almost 

as well for this purpose). It can be handled in ordinary 

incandescent light (not light from unshielded quartz–

iodine lamps). The reaction on which this actinometer is 

based is the oxidation of iodide ion by iodate ion to form 

iodine, or rather triiodide ion (I3
−).

 2. An actinometer sensitive to visible light (photosyntheti-

cally active radiation) has been described by Wegner and 

Adamson (1966). It works up to above 700 nm and is 

based on potassium tetrathiocyanatodiamminechromate 

(III), K[Cr(NH3)
2(SCN)4]. The latter can rather easily be 

prepared from the commercially available Reinecke’s 

salt, that is, NH4[Cr(NH3)2(SCN)4]. Irradiation causes the 

uptake of water and release of thiocyanate, which can be 

measured spectrophotometrically after addition of an 

Fe(III) salt.

 3. Two more actinometers that have recently been used in 

biological contexts are the 2-nitrobenzaldehyde actinom-

eter (Allen et al. 2000) and the oxalic acid/uranyl sulfate 

actinometer (Mirón et al. 2000). A different version of the 

latter one preferable for small radiation doses is among 

those recommended by Kuhn et al. (1989).

 4. As already mentioned, the most popular actinometer for 

ultraviolet radiation (and for violet and blue radiation as 

well) is the ferrioxalate actinometer. The description 

below will be sufficient for the experimenter starting in 

the field. For more detailed information, one should 

 consult Parker (1953), Hatchard and Parker (1956), Lee 

and Seliger (1964), and Goldstein and Rabani (2007). 

Complete recipes have also been published by, for exam-

ple, Seliger and McElroy (1965) and Jagger (1967).

In the ferrioxalate actinometer, the following photochem-

ical reaction is exploited:

 
1

2 2

3
2

2COO Fe photon CO Fe−( ) + + → ++ +
 

or

Oxalate ion Fe III ion light carbon dioxide+Fe II ion+ + →( ) ( ) .  

The quantum yield for this reaction (i.e., the number of iron 

ions reduced per photon absorbed) is slightly wavelength 

dependent but close to 1 in the spectral region, 250–500 nm, 

where the ferrioxalate actinometer is used. Usually a 1-cm 

layer of 0.006 M ferrioxalate solution is used. Quantum yield 

and the fraction of the radiation (perpendicular to the 1 cm 

layer) absorbed are shown in Table 4.1.

The quantum yields for 0.15 M actinometer solution are 

0.952 of the above values. Irradiation of the side walls of the 

Table 4.1 Quantum yield and the fraction of radiation (perpendicular 

to 1-cm layer) absorbed

Wavelength

Quantum 

yield

Fraction 

absorbed

Quantum yield × fraction 

absorbed

253.7 1.26 1 1.260

300.0 1.26 1 1.260

313.3 1.26 1 1.260

334.1 1.26 1 1.260

365.6 1.26 1 1.260

404.7 1.16 0.92 1.067

435.0 1.11 0.49 0.544

509.0 0.85 0.02 0.017
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cuvette should be avoided, that is, the beam should be smaller 

than the cross section of the cuvette.

The amount of Fe(II) formed can be measured spectro-

photometrically after addition of phenanthroline, which 

gives a strongly absorbing yellow complex with Fe(II) ions.

The ferrioxalate for the actinometer is prepared by mixing 

3 volumes of 1.5 M (COOK)2 with 1 volume of 1.5 M FeCl3 

and stirring vigorously. This step and all the following 

involving ferrioxalate should be carried out under red light 

(red fluorescent tubes). The precipitated K3Fe(C2O4)3·3H2O 

should be dissolved in a minimal amount of hot water, and 

the solution allowed to cool for crystallization (this crystal-

lization should be repeated twice more).

Following is a recipe for the three solutions required for 

carrying out actinometry (see Goldstein and Rabani 2007 for 

a different procedure and other quantum yields):

Solution A: Dissolve 2.947 g of the purified and dried Fe(III) 

oxalate in 800 ml distilled water, add 100 ml 0.5 M sulfu-

ric acid, and dilute the solution to 1 l. This gives 0.006 M 

actinometer solution, which is suitable for measurement 

of ultraviolet radiation. For visible light, which is only 

partially absorbed, it may be advantageous to use 0.15 M 

Fe(III) oxalate instead, that is, 73.68 g per liter solution.

Solution B: The phenanthroline solution to be used for devel-

oping the color with Fe(II) ions should be 0.1 % w/v 1:10 

phenanthroline monohydrate in distilled water.

Solution C: Prepare an acetate buffer by mixing 600 ml of 

0.5 M sodium acetate with 360 ml of 0.5 M H2SO4.

Solution A is irradiated with the light to be measured. The 

geometries of the container and of the light are important and 

must be taken into account when evaluating the result. The 

simplest case is when the light is collimated, the container a 

flat spectrophotometer cell, the light strikes one face of the 

cell perpendicularly, and no light is transmitted. Even in this 

case, one has to distinguish whether the cell or the beam has 

the greater cross section and correct for reflection in the cell 

surfaces. The irradiation time should be adjusted so that no 

more than 20 % of the iron is reduced.

After the irradiation, two volumes of the irradiated solu-

tion are mixed with two volumes of solution B and one vol-

ume of solution C and then diluted to 10 volumes with 

distilled water. After 30 min, the absorbance at 510 nm is 

measured against a blank made up in the same way with 

unirradiated solution A.

Example of calculation: 4 ml of 0.006 M actinometer 

solution are irradiated in a flat quartz container by parallel 

rays of UV-B impinging at right angles to one surface (and 

not able to enter any other surface). The radiation cross sec-

tion intercepted by the solution is 2 cm2. Five minutes of 

irradiation produces 0.6 μmol Fe(II).

Throughout the UV-B region, the quantum yield is 1.26. 

Reflection from the surface is estimated to be 7 % (by applica-

tion of Fresnel’s law). None of the radiation penetrates the 

 solution to the rear surface, since the solution thickness is well 

over 1 cm. Therefore, 0.6 mmol corresponds to 0.6/(1.26 · 0.93) 

μmol = 0.512 μmol radiation incident on 2 cm2 in 5 min, and the 

photon irradiance (quantum flux density, in this case equal to 

the photon fluence rate, since the rays are parallel and at right 

angles to the surface) is 0.512/(2·5) μmol/cm2/min1 = 5.10 nmol/

cm2/min1 or 5.12·104/60 nmol/m2/s1 = 853 nm/m2/s1.

The great limitation of the ferrioxalate actinometer is that 

it is not sensitive to long wavelength light (in many cases this 

is also an advantage; one reason being that red working light 

can be used without interference with the measurements). 

Several actinometers sensitive to longer wavelengths have 

been designed. Warburg, for instance, used one based on 

chlorophyll. A modern, red-sensitive actinometer has been 

described by Adick et al. (1989).

Chemical or biological systems, mostly in the solid state, 

for recording light, and ultraviolet radiation in particular, are 

widely employed for estimating exposure of people, leaves in 

a plant canopy, and other objects which for various reasons are 

not easily amenable to measurements with electronic devices. 

These chemical devices are generally referred to as dosimeters 

rather than actinometers, even if there is no defined delimita-

tion between these categories. Construction, calibration, and 

use of chemical and other dosimeters have been the subject of 

frequent reviewing (Bérces et al. 1999; Horneck et al. 1996; 

Marijnissen and Star 1987). Their radiation- sensitive compo-

nents can be either chemical substances (natural like DNA or 

provitamin D or artificial) or living cells (e.g., various spores 

and bacteria). A critical evaluation of two kinds of dosimeters 

was recently performed by Seckmeyer et al. (2012).

4.5  Fluorescent Wavelength Converters 
(“Quantum Counters”)

As stated earlier, photomultipliers have the advantage of being 

very sensitive as well as the disadvantage of having wave-

length-dependent sensitivity. Fluorescent wavelength convert-

ers or “quantum counters” are solids or solutions, usually used 

in conjunction with photomultipliers, to obtain devices which 

are sensitive yet have a sensitivity per photon that is indepen-

dent of wavelength over a certain interval. The idea is to use a 

solution that has an absorbance high enough that all photons 

(except those reflected) will be absorbed and that has a high 

fluorescence yield. Incident light of any wavelength distribu-

tion within certain limits is then converted, photon for photon, 

to light of a fixed wavelength distribution (the fluorescence 

spectrum of the “quantum counter”), to which the photomulti-

plier has a fixed sensitivity. One of the major uses of “quantum 

counters” is calibration of excitation units of spectrofluorom-

eters. The “quantum counter” most widely used consists of a 

concentrated solution of rhodamine B in ethylene glycol. It is 

useful for wavelengths up to 600 nm.
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4.6  Spectroradiometry

4.6.1  General

A spectroradiometer is an apparatus with which you can 

measure the spectrum of light, that is, either the spectral irra-

diance, the spectral fluence rate, or the spectral radiance as a 

function of wavelength (or frequency, which is equivalent 

but less commonly used by biologists). It consists of three 

main parts: (1) input optics, different for spectral irradiance, 

spectral fluence rate, or spectral radiance; (2) a monochro-

mator or, preferably, a double monochromator; and (3) a 

transducer for converting the light signal to an electrical sig-

nal. The latter may be, in some cases, a photodiode but is 

usually a photomultiplier. In some spectroradiometers, 

instead of a monochromator, there is a spectrograph that 

projects a whole spectrum, and the transducer is a diode 

array, charge-coupled device (CCD, see Sect. 4.8), comple-

mentary metal–oxide–semiconductor (CMOS), or a multi-

channel plate, which samples the whole spectrum at once. 

The latter arrangement has the advantage of speed and syn-

chronous sampling of all spectral channels, but is not always 

suitable. In particular, it is very unsuitable for measuring 

ultraviolet radiation in daylight, in which case stray light 

problems must be minimized by use of a double 

monochromator.

A complete spectroradiometer system also requires some 

facility for frequent recalibration, as especially photomulti-

pliers have very bad long-term stability.

4.6.2  Input Optics

Before deciding on input optics, we need to decide what 

quantity we wish to measure. For spectral radiance, we need 

input optics with which we can sample a very narrow solid 

angle. This can be some kind of telescope, but for most pur-

poses, it is sufficient to have a tube with a terminal stop that 

determines the sampling angle and a few internal baffles and 

an inner matte black surface to avoid reflections inside the 

tube to reach the monochromator entrance slit Fig. 4.6.

For spectral fluence rate, we need a device that samples 

all directions with equal sensitivity. This is an ideal that can-

not really be fulfilled, but it can be approached. Using input 

optics for irradiance, it is possible to combine several mea-

surements to obtain the fluence rate (Björn 1995; Björn and 

Vogelmann 1996).

For spectral irradiance measurements, we need input 

optics, which has a “cosine response,” meaning that the sen-

sitivity, or the efficiency of sampling, for a certain direction 

should be proportional to the cosine of the angle between 

that direction and the optical axis. The concept of “cosine 

response” is graphically explained in Fig. 4.7.

As a first crude device to reach this situation, one could let 

the light to be measured strike a strongly scattering but trans-

lucent plate above the entrance slit of the monochromator. 

Suitable materials for this include ground quartz or fused sil-

ica or Teflon, depending on the spectral range. A flat plate is, 

however, not very satisfactory, especially for large deviations 

from the optical axis. For measuring irradiance of light from 

an extended light source, for instance, an overcast sky, light at 

these large angles is very important, since the “amount of 

sky” corresponding to a certain angular deviation from the 

optical axis is proportional to the sine of the angle. Somewhat 

better results are obtained using a hemispherical scattering 

dome over the slit. The only device that works well is an inte-

grating sphere (Fig. 4.8), and to work well it must be well 

designed. Details on this subject are provided by Optronic 

Laboratories (1995, 2001); Schneider and Young 1998).

Light-sensitive
device

Light

Fig. 4.6 Input optics for radiance (narrow-angle) measurements, con-

sisting of a tube with stops and internal baffles, and inside painted dull 

black to prevent internal reflections

Fig. 4.7 Cosine sensitivity of a receiver. The sensitivity is greatest 

straight up in this case and decreases proportionally to the cosine of the 

angle to the vertical. In the horizontal direction, the sensitivity is zero
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In some cases, we are more interested in the shape of a spec-

trum than in the absolute light level, and then the angular sen-

sitivity function is less important. We may also be interested in 

measuring light in places where it is not easy to put the spectro-

radiometer itself (such as underwater or inside the mouth). In 

that case, the best choice may be to use fiber optics at the input 

end of the spectroradiometer. Even then one may add, for 

instance, a small scattering device at the tip of the fiber optic 

conductor to collect light from different directions. Single 

light-conducting fibers may even be used to measure light 

inside plant or animal tissues (Vogelmann and Björn 1984).

4.6.3  Example of a Spectroradiometer

We show here (Fig. 4.9), as an example of a spectroradiom-

eter often used by biologists, the construction of Model 754 

from Optronic Laboratories.

Spectroradiometers for measurement of UV-B radiation 

in daylight do not work well with a single monochromator, 

mainly because spectral irradiance in the UV-B region 

changes very rapidly with wavelength. Very small amounts 

of radiation outside the intended band can therefore ruin the 

measurement. When two monochromators are used in tan-

dem, it is of course very important that their wavelength set-

tings agree throughout the scan. The only way to achieve this 

FlangeBaffle

Silica
window

Silica
dome Light

ray

Light to
monochr.

Flange

Fig. 4.8 Integrating sphere used as input optics for spectroradiometric 

irradiance measurements. On top is a silica dome, which can be omitted 

if the instrument is to be used only indoors or in good weather condi-

tions. Below that is the opening in the sphere that defines the area over 

which the irradiance measurement is taken and the direction of the ref-

erence surface. A light ray has been drawn that strikes this at a low 

angle. It is important that the walls of the sphere taper off to an edge to 

allow rays at such low angles to enter the sphere. The ray strikes the 

inner diffusely reflecting wall. From the point where it strikes, light is 

scattered in all directions. We have followed one possible path through 

the sphere, but the little “brushes” at each scattering point are meant to 

indicate that there are many possibilities. Eventually the light strikes the 

backside of the baffle, which serves as the direct light source for the 

monochromator (see Fig. 4.9)
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Fig. 4.9 Diagram of spectroradiometer (Optronic Laboratories model 

754), simplified to enhance the important optical parts. Light from the 

integrating sphere (1, see Fig. 4.8) enters the light-tight box through a slit 

(entrance slit for the first monochromator, not specifically shown) and is 

deflected by the mirror (2) to the first grating (3). The chosen wavelength 

band leaves this first monochromator unit through the exit slit (4) in the 

wall (5) separating the two monochromators. This slit (4) is also the 

entrance slit for the second monochromator. The second grating (6) again 

disperses the light and deflects the chosen wavelength band onto a slit (7) 

in front of the photomultiplier (8). A stepper motor (9) turns the grating 

to change the wavelength. The rotating grating supports are connected by 

a bar (10), thus assuring that they follow one another with high fidelity
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is to have both built on a single baseplate and be driven by a 

single wavelength drive mechanism.

Because biological chromophores have rather broad spec-

tra, the fine structure of the daylight spectrum or the spec-

trum of any other light is not of great importance. Still, it is 

important that the bandwidth of the measuring system is not 

too great, that is, that the slits in the monochromator are not 

wide when daylight UV-B radiation is to be measured. This 

is because the spectrum is so steep in this region. Figure 4.10 

illustrates this: when the bandwidth is increased above 1 nm, 

values in the short-wavelength part of the UV-B band start 

being too high. Errors are also introduced in the calibration 

(see below) if the bandwidth is too great.

Information about other types of spectroradiometers of 

interest for biologists is available from the following web-

sites (accessed on August 17th, 2013):

http://www.oceanoptics.com/products/usb2000uvvis.asp

http://www.eoc.csiro.au/instrument/html/terrestrial/asd_

fieldspec.htm

http://www.spectralevolution.com/portable_spectroradiom-

eter.html

A relatively new development in spectroradiometer con-

struction is to use a diode array to capture the whole spec-

trum simultaneously, instead of a photomultiplier in 

combination with a mechanical scanning system. These 

instruments have the advantage of speed and lack of any 

mechanical problems and also consume less energy (which 

is of importance for field equipment). However, the prob-

lems with stray light are larger than for the more conven-

tional instruments. Thus they are generally not useful for 

daylight measurements below 300 nm, and below 350 nm a 

stray light correction must often be applied to reach an 

acceptable accuracy.

4.6.4  Calibration of Spectroradiometers

4.6.4.1  Wavelength Calibration with Lamps
This is the simple part but important. If the wavelength is not 

correct, then everything else will be wrong, too. The wave-

length error should be less than 1 nm; for measurements of 

daylight UV-B radiation, it should preferably be much less.

For such calibration, any medium pressure mercury lamp 

works well, even an ordinary fluorescent lamp. Easily recog-

nizable spectral lines occur at 253.7, 265.2, 312.6 + 313.2, 

334.1, 365.0, 365.4, 366.3, 404.7, 435.8, 491.6, 496.0, 546.1, 

577.0, 579.1, 623.4, and 690.7 nm. The short-wavelength 

bands do not penetrate the envelopes of most fluorescent 

lamps.

4.6.4.2  Irradiance Calibration with Standard 
Lamps

Usually, a spectroradiometer is calibrated using a lamp with 

a known output at different wavelengths. The most com-

monly used lamp is a 1 kW tubular quartz–iodine incandes-

cent lamp. The reason to use such a powerful lamp is to 

obtain sufficient output in the ultraviolet region, and a lamp 

of this power can be used down to 250 nm. (For shorter 

wavelengths usually deuterium standard lamps are used.)

Using transfer standards, these standard lamps are ulti-

mately calibrated against cavity radiators held at a well- 

determined temperature and designed so they follow as 

closely as possible the theoretical Planck blackbody radia-

tion formula (see Chap. 1). When you purchase such a lamp, 

you will obtain a table of the spectral irradiance obtainable at 

certain wavelengths at certain distance using a specific 

geometry and also information about the accuracy. You will 

be surprised at (1) the wide uncertainty limits compared to 

most other kinds of physical measurements (typically 3.5 % 
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Fig. 4.10 A portion of the ultraviolet daylight spectrum in Lund at 

noon on June 15, plotted with three different half-bandwidths (modeled 

values). Left frame with linear, right frame logarithmic spectral irradi-

ance scale. In the linear plot, we can see how the fine structure is gradu-

ally smoothed out, while the semilogarithmic plot shows more clearly 

how systematic positive errors develop in the short-wavelength part. 

With 4 nm bandwidth, the error is more than an order of magnitude for 

part of the spectrum
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at 250 nm) and (2) the high price of the lamp. After all, it 

looks almost like the lamp you have in the overhead projec-

tor in your lecture hall. What you should consider at this 

moment of surprise is that the lamp has been preburned and 

selected to be particularly stable and the effort and cost 

involved in calibrating it as accurately as possible. You 

should buy a second similar but uncalibrated lamp at a much 

lower cost, calibrate this as a working standard against your 

expensive lamp, and only occasionally use your expensive 

lamp to check your working standard.

The disadvantage of using a 1 kW lamp (apart from the 

heat it produces in your usually small calibration room) is 

that it requires a direct current of 8 A to run at 125 V, and 

quite a big power supply is needed to produce this with good 

accuracy. It is very important that you really run it at the 

specified current at which it was calibrated. An error of 

0.1 % in the current produces a 1.2 % error in the spectral 

irradiance at 250 nm and a 0.6 % error at 400 nm. It is impor-

tant that the current is as ripple-free (has as little ac compo-

nent) as possible. The best way of measuring the current is to 

measure the voltage across a precision resistor of, say, 

0.1 ohm in the lamp circuit with a good digital voltmeter.

Calibration of a spectroradiometer is a tricky thing. When 

you calibrate it with your standard lamp, you usually put the 

standard lamp on the optical axis. Suppose that you calibrate 

two spectroradiometers in this way with the same standard 

lamp in the same setup, so that they show the same result 

when you measure light from a lamp in the laboratory. Then 

you take the spectroradiometers outdoors and measure the 

daylight. You will then likely find that the two spectroradi-

ometers show different results. This can have different 

causes, but the two major ones are probably that (1) the tem-

perature is different and the two spectroradiometers have dif-

ferent temperature dependencies and (2) they have different 

off-axis sensitivities, and you are now measuring a very 

extended light source rather than an almost point-like stan-

dard source.

It is recommended that you recalibrate a spectroradiome-

ter about once a month. This interval can be modified accord-

ing to the experience you obtain over time with your 

particular instrument under your particular working condi-

tions. If you move your instrument around, you should per-

form a rather easy wavelength check at each new location.

4.6.4.3  Irradiance Calibration with an Improvised 
Standard Lamp

Björn (1971) devised a method to use an ordinary tubular 

incandescent lamp as a standard lamp without prior optical 

calibration of the lamp, just relying on electrical  measurements. 

The basic idea is that the temperature of the lamp filament is 

calculated from the increase in electrical resistance when it 

heats up from room temperature; calculate the spectrum of 

the glowing filament from its temperature using Planck’s 

radiation formula with appropriate corrections for the (tem-

perature and wavelength-dependent) emissivity of tungsten. 

This method is not recommended if calibrated standard lamps 

are obtainable for the experimenter.

4.6.4.4  Calibration Without a Standard Lamp
Considering the cost of standard lamps, their instability, and 

the difficulty of ensuring the same standard everywhere in 

the world, it would be good if a radiation source were avail-

able free of charge so that everyone could use the same radia-

tion source. There is such a radiation source: the sun.

4.6.4.5  Wavelength Calibration Using Daylight
The sun is essentially a heat radiator, thus radiating an essen-

tially continuous spectrum, while a line spectrum is more 

suitable for wavelength calibration. However, some of the 

outer layers of the sun have a temperature that is low enough 

to reabsorb light from the inner layers and still hot enough to 

contain single atoms, not united to molecules. They produce 

the so-called Fraunhofer lines in daylight, which are absorp-

tion spectral lines of these free atoms. The wavelengths of 

these Fraunhofer lines can be looked up in various sources. 

Here we just mention the two due to hydrogen, which are 

most suitable for wavelength calibration in the visible region: 

486.1344 nm (Fraunhofer F line) and 686.9955 nm 

(Fraunhofer C line).

4.6.4.6  Irradiance Calibration Using the Sun
Surprisingly, the sun can also be used for irradiance calibra-

tion. This is surprising because we have the variable terres-

trial atmosphere between ourselves and the sun, and this 

atmosphere is not the same everywhere. If we are on a moun-

tain, there is less atmosphere between us and the sun than at 

sea level, and other factors also contribute to different 

 attenuation of the sunlight at different places and times. 

However, these difficulties can be circumvented, provided 

the atmosphere is reasonably clear and stable over a day.

Consider first two (unrealistically) simple cases 

(Fig. 4.11). We have no clouds in the sky. In the first case the 

sun is directly overhead, and the light is attenuated by, as the 

jargon in the field goes, one air mass. At a certain wave-

length, the spectral irradiance from the direct sunlight can be 

written as I1 = Ie·e–a, where Ie is the corresponding extrater-

restrial spectral irradiance, that is, the spectral irradiance just 

outside the terrestrial atmosphere. The spectral irradiances 

we consider here are in the direction of the sun (light falling 

on a plane perpendicular to the direction to the sun). We con-

sider only the direct sunlight, that is, not that scattered in the 

atmosphere or reflected from the ground. In the second case, 

the sun is at an angle of 60° to the vertical, that is, the zenith 

angle of the sun is 60°. In this case, the light path through the 

atmosphere is twice as long as in the first case. The irradi-

ance then must be (provided the Lambert–Beer law is valid) 
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I2 = Ie.e−2a, since the light is now attenuated by two air masses. 

Only when the scattered light is excluded by a narrow-angle 

input does the Lambert–Beer law hold (see Sect. 1.11). The 

ratio between the two irradiances below the atmosphere is 

then I2/I1 = e–a, and this ratio we should be able to determine 

without absolute calibration of the spectroradiometer. But 

knowing e–a, we can now calibrate the spectroradiometer 

against the extraterrestrial irradiance using the relationship 

I1 = Ie·e–a.

This is the principle of the Langley calibration method. In 

practice, it is a bit more complicated than described here. 

One has to take spectra of the sun over at least 1 day and 

preferable over several days when the weather is stable and 

the sky without clouds. For the Lambert–Beer law to be 

valid, one has to measure the direct sunlight and exclude sky-

light as well as possible. One way of doing this is to measure 

the sunlight through a narrow baffled tube (Fig. 4.6) follow-

ing the sun. Another way is to take a difference reading, that 

is, the difference between the total daylight and the daylight 

when shadowing the sun. One then plots the logarithm of the 

reading against the air mass (the air mass is proportional to 

one over the cosine of the zenith angle). This gives a nearly 

straight-line relationship, which can be extrapolated to zero 

air mass, corresponding to the reading that would have been 

obtained outside the atmosphere. For high accuracy one must 

apply various corrections (especially for large zenith angles), 

for instance, for the refraction (bending) of the light rays in 

the atmosphere and for the curvature of the earth and for the 

fact that different attenuators in the atmosphere do not have 

the same height distribution (especially for the fact that 

ozone, absorbing at short wavelengths, is higher than most 

attenuators). One must also take into account the variation of 

the sun–earth distance over the year, but this is easy. With 

decreasing wavelength, the difficulties increase (e.g., due to 

the rapidly changing ozone attenuation, the strong wave-

length dependence of ozone absorption, less constant output 

of the sun at short wavelengths, and the smaller signal in 

relation to instrument noise). Below 300 nm this method can-

not be used at all. Details of the method with different varia-

tions and comparisons with other calibration methods can be 

found in Schmid and Wehrli (1995), Wilson and Forgan 

(1995), Schmid et al. (1998), Slusser et al. (2000), Adler-

Golden and Slusser (2007), and Chen et al. (2013).

4.7  Special Methods for Measurement 
of Very Weak Light

4.7.1  Introduction

Only methods based on photomultipliers will be reviewed 

here, but photomultipliers can be used in different ways. We 

shall not touch upon imaging of very weak light, which is 

important in many contexts from astronomy to biology. 

Photomultipliers can be used in the following main ways.

4.7.2  Direct Current Mode

This is the “classical way” described in Sect. 4.3.1. The dc 

component of the anode current is measured. If the light is 

steady or varies only slowly, an amplifier with a long time 

constant can be used to obtain a “smoothed” or averaged 

value of the current; alternatively, this averaging can, of 

course, be achieved using a computer. Then the light is shut 

off and the dark current is measured in the same way. With 

the photomultiplier connected to suitable electronic circuitry, 

the difference between “light” and “dark” currents is propor-

tional to the light to be measured.

If the light is very weak, this does not work well. This is 

because the difference between “light” and “dark” currents 

will be a small difference between two larger terms, and a 

small relative error in any of them will result in a larger rela-

tive error in the difference. Furthermore, for a weak light, a 

long time will be required to get a reliable value of the light 

current, and in the meantime the dark current might drift.

4.7.3  Chopping of Light and Use  
of Lock-In Amplifier

In this mode, for instance, a rotating shutter or mirror is used 

to cut the light into short pulses separated by darkness of 

similar duration. A special amplifier amplifies the current 

during the light and dark periods separately, and the differ-

ence is continuously computed, or electric charges from the 

two sets of periods are stored for integration of the difference 

over time. In this way, the effect of drift with time of the dark 

current is minimized. In this way, much weaker light can be 

measured than is possible in the direct current mode. It is, for 

Ozone layer

Earth surface

Fig. 4.11 Effect of atmosphere on sunlight from different directions. If 

scattered light is excluded so only the direct beam is considered, the 

length of the path of light through the atmosphere is longer for obliquely 

incident light, in proportion to the cosine of the incidence angle
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example, easy to measure the light emitted from a plant leaf 

(as a reversal of the photosynthetic process; see Sect. 26.8) 

for tens of minutes after the leaf has been placed in “dark-

ness.” However, “ultraweak luminescence” (Sect. 26.9) can 

hardly be measured with this method.

4.7.4  Measurement of Shot Noise

Shot noise is the “noise” of the dc signal from the photomul-

tiplier arising from the quantized nature of light, that is, the 

current pulses generated by the single photons. Yoh-Han Pao 

et al. (1966) suggested that the shot noise, treated as an ac 

signal, could be used as a measure of the light. Later experi-

ments indicate that the signal-to-noise ratio for this method 

is somewhat better than for the lock-in method. However, 

because of the advantages of the method to be described 

below, this method has not been used much.

4.7.5  Pulse Counting

The dominating technique today for measuring very weak 

light is to count the current pulses generated in a photomul-

tiplier by single photons. All pulses of the anode current, 

however, are not due to photons. Electrons are also released 

both from the photocathode and from the dynode surfaces by 

thermal energy. This is what gives the dark current in the dc 

mode. One great advantage of the pulse counting method is 

that pulses due to thermal emission from the dynodes can be 

filtered off, because they are smaller than those coming from 

the photocathode, since they have gone through fewer ampli-

fication steps Alfano and Ockman (1968). To achieve this, 

the pulses from the anode go to a pulse discriminator, which 

allows only pulses above a certain amplitude to pass. The 

pulses passing through are then shaped to a uniform ampli-

tude and pulse shape, so they can be more accurately counted.

However, this cannot be done in a perfect way. Some 

photon- induced pulses are discarded, and some spurious 

pulses are passed. Some photons do not give rise to any 

pulses at all, because the quantum efficiency of the photo-

cathode is lower than one (even in the spectral region where 

it is highest). And there is no way by which thermal pulses 

arising in the photocathode can be distinguished from light- 

induced pulses. Therefore, a photomultiplier can never be 

used as an absolute photon-counting device. To estimate the 

true number of photons arriving at the photocathode, the 

photomultiplier has to be calibrated, and a correction has to 

be made for “dark pulses.”

Just as in a Geiger counter, there is a certain minimum 

time necessary for two pulses to be counted separately. 

Since the pulses are Poisson distributed in time, the count-

ing  efficiency starts to decline gradually when the photon 

absorption rate increases over a certain limit. The absolute 

standard error of the number of pulses recorded, according 

to Poisson statistics, is proportional to the square root of the 

number of pulses counted and the relative error proportional 

to one over this square root. With absolute standard errors of 

el for the light count and ed for the dark count, the standard 

error of the difference between light and dark counts is the 

square root of (el 
2+ ed 

2).

4.8  A Sensor for Catching Images: 
The Charge-Coupled Device

There are different kinds of electronic sensors for recording 

images, but only the most commonly used one will be 

described here: the charge-coupled device (CCD). Most 

readers have probably used a CCD already as part of a digital 

camera. But a CCD is useful everywhere when you wish to 

record light in one or two dimensions. In Chap. 29, we show 

how it can be used for recording spectra. The principle for a 

CCD is shown in Fig. 4.12.
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5.1             Introduction 

 Light has, of course, been exploited by scientists as far back 
as there has been any science. Until recently, almost every-
thing we knew about the universe beyond the lower terres-
trial atmosphere was information carried by light. Since 
Bunsen’s time, optical spectroscopy has provided informa-
tion about things as small as atoms and as large as galaxies. 
Spectrometry (absorption or fl uorescence) or optical micros-
copy, or both, has been important for most biologists. The 
following account will therefore not attempt to be compre-
hensive but will focus on a few recent developments of inter-
est for biologists. A good guide to much of the pre-2003 
literature is provided by  Methods in Enzymology  (Elsevier) 
Vol. 360 and 361 (2003).  

5.2     Optical Tweezers and Related 
Techniques 

 When we hear the word tool, we probably fi rst see in our 
minds something we can hold in the hand, like a hammer, 
pliers, or tweezers. We use tweezers to handle things that are 
too small for our fi ngers to manipulate. But mechanical 
tweezers, and even traditional micromanipulators, are too 
large for particles smaller than single cells. Such objects can 
be handled with optical tweezers, invented by Ashkin ( 1970 ). 

 The description in Fig.  5.1  applies to light beams that are 
most intense in the center and with irradiance tapering off 
towards the periphery approximately as a Gauss function (as 
may be recalled from elementary statistical theory) does. But 
another type of beam has also been tried for optical forceps, 

a so-called Bessel beam. This beam has a complicated cross 
section. True Bessel beams cannot be produced, but an 
approximation can be made by focusing an ordinary beam 
from a laser (approximate Gauss beam), not with an ordinary 
lens, but with a conical lens. A Bessel beam has the advan-
tage that the irradiance is kept high over a longer distance, 
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  Fig. 5.1    A simple form of optical tweezers. A particle is trapped in the 
focus of a laser beam. The picture shows how a strong ray of light is 
bent downwards by a transparent (or at least semitransparent, as all suf-
fi ciently small biological objects are) sphere. This gives an upward 
force acting on the sphere. If the sphere from the beginning is a little 
off-center in the beam, the corresponding ray giving a downward force 
is weaker, and the resulting force will be towards the beam center. 
Bending of both rays will also produce a force on the sphere towards the 
right, since they both decrease the rightward momentum of the light and 
this must be compensated for by the sphere’s momentum. Light absorp-
tion as well as back refl ection will give a force in the direction of the 
light, but for small objects, this will be a small effect. Light refraction 
will be more important for the forces along the light beam. There is a 
gradient in light refraction, and if the particle starts to move past the 
focus, a restoring force is created (see Fig.  5.2 ) (Slightly modifi ed from 
Stanford University’s URL   http://www.stanford.edu/group/blocklab/
Optical%20Tweezers%20Introduction.htm    )       
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not only in a focal spot. Therefore, it can be used to manipu-
late particles in directions perpendicular to the beam, while 
they can move freely along the beam.   

 In another method, instead of “clamping” particles in a 
spot (as with Gaussian beams) or along a Bessel beam, a 
kind of “optical washboard” or “corrugated surface” is pro-
duced, and this can be “shaken” so that particles move along 
the surface, with different speeds depending on size (Paterson 
et al.  2005 ). For this, a Bessel beam is used. 

 Using holograms, any light distribution can be created 
and used for manipulating objects (Grier and Roichman 
 2006 ), and light in combination with sheets of certain poly-
mers can be used to transport materials over microscopic dis-
tances (Stiller et al.  2004 ). Dorman ( 2007 ) exemplifi es the 
use of optical tweezers in biology.  

5.3     Use of Lasers for Ablation, 
Desorption, Ionization, and Dissection 

 The reader has probably already heard or read about the “light 
scalpel” that doctors use for some kinds of surgery. Laser 
beams can be used for killing cancer cells, for fi xing retinae 
that have come loose, and for several other medical purposes. 

 Lasers also have many uses related to this in nonmedical 
biology. One of the most important applications is to make 
large molecules, such as protein molecules, available for 
mass spectrometry, for determination of molecular mass and 
content of, e.g., phosphate groups (Krüger et al.  2006 ; 
   Marshall et al.  2002 ). 

 The methods of evaporating the samples are referred to as 
laser ablation (any removal of material from a solid or liquid 
surface) and laser desorption (Peterson  2007 ). In addition, 

 molecules and molecular fragments can be ionized by the laser 
beam, and the resulting electric charge is, of course, an impor-
tant factor in mass spectrometry. A new method combining the 
use of laser and electrospray ionization (ESI) is electrospray-
assisted laser desorption ionization (ELDI) (Huang et al.  2006 ). 

 Laser beams can also be used for microdissection of bio-
logical specimens (Nelson et al.  2006 ). There are two main 
methods for this: “laser capture microdissection” (LCM) and 
“laser cutting.” Several commercial instruments are mar-
keted for each of these. In the former method, a fi lm of 
ethyl–vinyl–acetate is locally heated by an infrared laser 
beam, melted, and glued to the structure one wishes to pull 
away from the rest of the sample. In laser cutting, an ultra-
violet laser beam (a 337-nm nitrogen laser is suitable) is used 
to cut out the desired structure.  

5.4     Fluorescent Labeling 

 In classical light microscopy, biological structures in most 
cases had to be stained with various pigments to become 
clearly visible. Gradually, methods became more 
 sophisticated, so that it became possible to determine the 
chemical makeup of various cell structures by staining them 
with specifi c colored compounds (“cytochemistry”). A great 
leap forward was taken when pigments were combined with 
antibodies, which make very specifi c associations with cell 
structures and particularly with proteins. In the microscopy 
methods to be described in the following sections, labeling 
with fl uorescent pigments plays an important role, and these 
pigments are commonly combined with antibodies to make 
the labeling of cell constituents specifi c. Antibodies are best 
for rather large molecules, while for small metabolites, 
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  Fig. 5.2    Diagrams showing the 
refraction of light in a transparent 
sphere ( left ) and the resulting change 
in momentum of the light ( right ). 
The forces on and movements of the 
sphere are such that they compensate 
for the change in momentum of the 
photons. Surprisingly, the amount of 
momentum transfer has even 
recently been a matter of much 
discussion among physicists (e.g., 
Loudon and Barnett  2006 ). The 
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 specifi c RNA species can be used in combination with fl uo-
rescent molecules (Paige et al.  2012 ). 

 Many fl uorescent compounds have been used in this way. 
One particular compound has become particularly impor-
tant—the so-called green fl uorescent protein (GFP). It is pro-
duced by the jellyfi sh  Aequorea victoria  (see Chap.   26    ). It 
has a major excitation peak at 395 nm and a minor excitation 
peak at 475 nm. The emission peak is in the green region at 
509 nm, which makes it very suitable for visual detection of 
fl uorescence. Another somewhat similar protein is produced 
by the sea pansy  Renilla reniformis.  

 The advantage with a protein is that it can be used as a 
reporter for gene expression. For this purpose, the gene for 
GFP is fused with a regulator gene to be studied and inserted 
into the genome of the organism under study. The fi rst publica-
tion (Chalfi e et al.  1994 ) introducing this technique has, at the 
time of this writing, been cited 2,532 times. Tsien ( 1998 ) has 
written an early review of the subject, which is also well cited. 

 Fluorescent proteins with other emission spectra can be 
obtained in different ways: (1) by extracting and cloning pro-
teins from other organisms, such as the red-emitting pigment 
from the railroad worm (Viviani  1999 ) or various proteins 
from corals (Verkhusha and Lukyanov  2004 ); (2) by chang-
ing amino acids in the protein by genetic engineering or 
chemically modifying the chromophore (Heim  1994 ; Shkrob 
et al.  2005 ); (3) by photoactivation or phototransformation, 
i.e., by various photochemical reactions of the protein (see 
below); and (4) by combining two proteins with different 
fl uorescence properties so that energy absorbed by one can 
be transferred to the other one. By labeling a sample simul-
taneously with proteins having different fl uorescence proper-
ties, regulation of different genes can be studied in the same 
sample (e.g., Jiang et al.  2006 ). 

 Proteins can also be made to change their fl uorescence 
spectra by light treatment (e.g., Ando  2002 ; Elowitz et al. 
 1997 ; Habuchi et al.  2005 ; Lukyanov et al.  2005 ). The exact 
mechanism for this color change varies from case to case. It 
can be due to a conformational change of the protein or to 
photochemical change of an amino acid in the protein. 

 The fl uorescence quantum yield of GFP is so high that 
single molecules can be registered (e.g., Cotlet et al.  2006 ; 
Peterman et al.  1999 ). 

 A recent comprehensive review (Fricker et al.  2006 ) 
describes a number of special methods in quantitative fl uo-
rescence microscopy which we shall not recount here. They 
include quantitative imaging of gene expression, in vivo 
imaging of mRNA localization and dynamics, methods for 
protein localization, level and turnover, and protein–protein 
interactions. One method for judging the proximity of two 
protein molecules is to study the resonance energy transfer 
between chromophores attached to them (see Chap.   1    ). Still 
another novel microscopy method using fl uorescence is “fl u-
orescent speckle microscopy” (Danuser and Waterman- 
Storer  2006 ) for the study of macromolecule dynamics (such 
as cytoskeleton assembly/disassembly) in living cells.  

5.5     Abbe’s Diffraction Limit to Spatial 
Resolution in Microscopy 

 We have seen in Chap.   1     that light is diffracted when passing 
through an opening. This diffraction limits the resolution of 
conventional light microscopy. A bright point will not be 
imaged as a point but as a diffraction pattern, somewhat similar 
to what we have encountered in the section on diffraction in 
slits, but with a circular shape, a so-called Airy disk (Fig.  5.3 ).  

1 1

0.1

0.01

0.001

0

  Fig. 5.3    The Airy disk: the real appearance and graphs of the radiance distribution on logarithmic and linear scales       

 

5 Light as a Tool for Biologists: Recent Developments

http://dx.doi.org/10.1007/978-1-4939-1468-5_1
http://dx.doi.org/10.1007/978-1-4939-1468-5_1
http://dx.doi.org/10.1007/978-1-4939-1468-5_26


54

 More than 130 years ago, Ernst Abbe showed that the 
smallest distance between two points (Fig.  5.4 ) that can be 
resolved by a conventional light microscope is  s  = 1.22 ·  λ /
(2 ·  n  · sin  α ), where  λ  is the wavelength of the light used,  n  the 
refractive index of the medium between the objective lens 
and the object, and  α  the half-angle of the objective lens sub-
tended at the object plane. The so-called numerical aperture, 
 n ·sin α , is often stated on the objective of a microscope, so it 
is easy to estimate  s . With immersion oil as the medium 
between the objective and the object and a high-quality 
immersion objective, the numerical aperture can be made as 
high as 1.4.  

 With light for which the human eye has a high sensitivity 
and resolution, 500 nm, we get  s  = 1.22 ⋅ 500/(2 · 1.4) nm = 2
18 nm = 0.218  μm. The brightness distribution for this 
case, which is considered to be the limit for resolution of two 
points, is shown in Fig.  5.4 . 

 Using a longer wavelength, while diminishing the resolu-
tion, has the advantage of better penetration and less scatter-
ing in most biological specimens. 

 The resolution can be further improved by using ultravio-
let radiation instead of visible light (since the Airy disk will 
be smaller with a lower wavelength) and still further by using 
electrons instead of photons (electron microscopes use wave-
lengths in the nanometer range, but the numerical aperture is 
less favorable). 

 An improvement in factual resolution for biological spec-
imens was achieved with the invention of the confocal micro-
scope, but this is merely a way of improving focusing and 
reducing disturbing scattered light. The ultimate resolution is 
still set by Abbe’s criterion. 

 More recently, however, Abbe’s diffraction limit has been 
broken through, in more than one way, and resolutions of 
only a few tens of nanometers achieved using visible light 
(see below).  

5.6     Two-Photon Excitation Fluorescence 
Microscopy 

 In this technique, the biological specimen is stained with 
antibodies to which a fl uorescent pigment has been attached. 
The antibodies attach to the structures that one wishes to 
study, such as a specifi c protein. The method utilizes the fact 
that fl uorescence can be induced not only by light of a 
 wavelength corresponding to an absorption band of the fl uo-
rescent pigment but also by light of twice that wavelength 
(photons with half the energy of the energy gap in the 
Jablonski diagram), provided the concentration of photons is 
high enough that two of them will be absorbed by the same 
molecule within a short enough time. If the equipment is 
suitably adjusted, this happens only in the center of the laser 
beam with which fl uorescence is excited. The specimen must 
be examined point by point by a scanning laser beam. In two- 
photon microscopy, in order to use the same absorption band 
of the fl uorescent pigment as in one-photon microscopy, the 
wavelength must be doubled. Doubling of the wavelength 
alone would worsen the resolution by a factor of two. Since, 
for two-photon excitation, the fl uorescence brightness is pro-
portional to the square rather than the fi rst power of the fl u-
ence rate of the exciting light, this disadvantage is only partly 
compensated for, as shown in Fig.  5.5 .  

 An important advantage with two-photon excitation is 
that less bleaching occurs than with one-photon excitation.  

  Fig. 5.4    Image of two bright spots at the minimum resolvable 
distance       
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  Fig. 5.5    Brightness of a small fl uorescing spot as imaged with one- photon 
fl uorescence (350 and 700 nm) and two-photon fl uorescence (700 nm)       
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5.7     Stimulated Emission Depletion 

 Another method, stimulated emission depletion micros-
copy (STED microscopy or STEM), also uses fl uorescent 
labeling of the specimen in the same way but a different 
method for exciting the fl uorescence. In this method, too, 
the specimen is scanned spot by spot by a laser beam, 
which excites fl uorescence (Fig.  5.6 ). Diffraction of the 
beam causes the illuminated spot to have a minimum 
diameter of about 200 nm if blue light of 470-nm wave-
length is used. Immediately after the pulse of blue light 
and before any appreciable amount of fl uorescence light 
has had time to be emitted, a second pulse, now of a higher 
wavelength, hits the sample. The time between the pulses 
is long enough for the excited pigment to decay to the 
lowest vibrational level of the fi rst excited singlet state. 
The wavelength of the second pulse is such that it causes 
the pigment to return to the ground level via stimulated 
emission (the same phenomenon that takes place in a 
laser). The second pulse has a ring-shaped cross section, 

i.e., the intensity in the center is almost zero. Thus, the 
depletion of the excited state will take place around the 
circumference of the excited spot, and fl uorescence will 
be emitted only from the most central part.  

 A problem with this method is that since very strong light 
has to be used, and thus a high concentration of excited state, a 
triplet state is easily formed, resulting in chemical  reactions that 
destroy the pigment (bleaching). This problem can be circum-
vented by suitable choice of pigment and irradiation protocol.  

5.8     Near-Field Microscopy 

 A completely different approach for breaking the diffraction 
limit in microscopy was suggested long ago (Synge  1928 ), 
but was fi rst implemented in a practically useful way by 
Betzig and Chichester ( 1992 ). The principle is to either col-
lect or deliver the viewing light so close to the specimen that 
the light has had no space to spread by diffraction (Figs.  5.7  
and  5.8 ).   

  Fig. 5.6    The principle for STED ( Left picture  reprinted by permission 
from Macmillan Publishers Ltd: Simpson ( 2006 ), Copyright 2006 
STED microscopy operation with interpulse time interval ?t. ( a   Left  and 
 Center ) ( a ). Measured spots for excitation ( blue ) and STED ( orange ) 
pulses resulting in 22-nm STED spot. ( b ). Conversions between pig-
ment energy levels. If time between  blue  and  orange  pulses is too short, 
excitation of triplet pigment causes bleaching. ( c ). With pulse interval 
long enough the triplet state has decayed and bleaching is prevented. 

 Right  STED microscopy operation with interpulse time interval ∆t. ( a ). 
Measured spots for excitation ( blue ) and STED ( orange ) pulses result-
ing in 22-nm STED spot. ( b ). Conversions between pigment energy 
levels. If time between  blue  and  orange  pulses is too short, excitation of 
triplet pigment causes bleaching. ( c ). With pulse interval long enough 
the triplet state has decayed and bleaching is prevented. (Reprinted, 
with permission, from Donnert et al. ( 2006 ))       
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 Betzig and Chichester ( 1992 ) introduced the use of a very 
thin light-conducting fi ber for this purpose. The light aper-
ture at the end of the fi ber is much less than the  wavelength 
of light, about 25–100 nm in diameter, and the distance 
between the fi ber tip and the sample often even less, 5–50 nm. 
Also, in this method, the specimen has to be probed point by 
point, and an image is obtained by scanning (Fig.  5.9 ). The 
method is sometimes referred to as near-fi eld scanning opti-
cal microscopy (NSOM). Because the probe is so close to the 
sample, with a few modifi cations the setup can also be used 
for atomic (shear) force microscopy.   

5.9     Optoacoustic Tomography 
and Microscopy 

 Both light and sound can be used for imaging. Light has an 
advantage over sound in that it can give more specifi c con-
trast, perceived by us as color. For scientifi c purposes, one 
can use light of specifi c wavelength for rather specifi c imag-
ing of chemical compounds, such as hemoglobin, oxyhemo-
globin, or nucleic acid. One drawback of light for imaging of 
biological objects is that it is almost completely scattered 
within a short distance (less than 1 mm) in biological tissue, 
and some light does not even penetrate very deep. 

 Sound also has advantages over light for biological imag-
ing. Ultrasonic imaging for medical purposes was pioneered 
by Hellmuth Hertz at Lund University (  http://en.wikipedia.
org/wiki/Carl_Helmut_Hertz    ) and has been extensively used 
for imaging of hearts, bowels, nasal sinuses, livers, and 
fetuses. Many animals, such as dolphins and bats, have of 

course used sound for imaging long before that. Sound pen-
etrates much deeper than light in biological tissue, and the 
scattering is a thousandfold lower than that of light. Another 
advantage is that it travels more slowly, and one can there-
fore more easily determine the distance to a refl ecting struc-
ture by measuring the time of travel from source to receiver 
and thus map organs in three dimensions. The wavelength of 
the sound waves cannot be made as short as of light, and 
therefore the spatial resolution is limited, and the contrast is 
not as great and in particular not as discriminatory (colorful) 
as that of light. 

 The optoacoustic technique combines the advantages of 
optical and acoustical imaging. In this technique, the object 
is illuminated with light, but it is an acoustic signal that 
forms the image. 

 If a light-absorbing object is exposed to a very short 
(nanosecond range) pulse of light (a laser is used for this), 
its temperature is transiently slightly increased, and it 
undergoes a rapid, small expansion. This creates a pres-
sure pulse, in other words a sound wave, that travels out 
from the object. If we have pressure receivers (“micro-
phones”) placed at four points around the object, we can 
calculate the position of the object after recording the time 
of arrival of the pressure pulse to the four receivers. This is 
the basic principle of optoacoustic imaging. In case we are 
pursuing photoacoustic computed tomography (see below), 
it does not matter if the light is diffuse when it reaches the 
object to be imaged, since the imaging is not done by the 
light, but by the sound. To image an extended three- 
dimensional object is, of course, a bit more complicated 
and involves a lot of sophisticated mathematics and 
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  Fig. 5.7    Near-fi eld microscopy (Slightly modifi ed from   http://www.
olympusmicro.com/primer/tecniques/nearfi eldintro.html    . Courtesy of 
Dr. Michael W. Davidson)       

  Fig. 5.8    Tapered and aluminum-coated glass fi ber for near-fi eld micros-
copy, schematic. Light waves are squeezed together until there is no 
room for them to propagate further. But a so-called evanescent electro-
magnetic fi eld still protrudes a short distance beyond the tip of the fi ber, 
and if a scattering medium is brought into this region, the light energy 
can propagate into the “far fi eld” and be registered with a photomulti-
plier. The same device can work in the opposite direction, and sample 
photons from the evanescent fi eld of the sample if this is illuminated 
(Modifi ed from   http://www.azonano.com/details.asp?ArticleID=1205    )       
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 equipment. There are three main branches of photoacous-
tic imaging techniques: photoacoustic microscopy (PAM), 
photoacoustic computed tomography (PACT), and photo-
acoustic endoscopy (PAE). 

 For photoacoustic microscopy, a laser pulse is focused 
onto a spot not very far from the surface of a tissue, and a 
sound receiver is focused onto the same spot, either from the 
same or the opposite side, so it is a kind of confocal micros-
copy. The specimen is then scanned by moving the focusing 
spot in a raster-like way, repeating the laser pulses to cover 
the whole area of interest. 

 For photoacoustic computed tomography, the laser pulses 
are not focused but are distributed across the whole  specimen, 
and the receiver is moved around to receive sound pulses 
from all sides. A computer program transforms the received 
pressure signals to a three-dimensional image of the object. 
Both methods are described in more detail by Wang ( 2009 ) 
and Wang and Hu ( 2012 ), who also provide many 
references.  

5.10     Further Methods for “
Super- Resolution Microscopy” 

 A large number of other methods for “super-resolution 
microscopy” have recently been developed and are being 
developed. A good overview is available on the Internet at 
  http://en.wikipedia.org/wiki/Super_resolution_microscopy     
(accessed on August 24, 2013).  

5.11     Optical and Photoacoustic Detection 
of Malaria Infection via Vapor 
Nanobubbles 

 Over 200 million people are infected by malaria every year, 
and about 600,000 die. The sooner infection is detected, the 
greater the chance of survival, but until now, diagnosis can 
be made only from blood samples. Recently, Lukianova- 
Hleb et al. ( 2013 ) have described a new noninvasive and 
rapid method for the fi rst transdermal detection of malaria 
infection as low as 0.00034 %, so far tested on animals (and 
on infected humans and human blood cells in vitro). It 
depends on the photothermal properties of an excretion prod-
uct from the malaria parasite,  Plasmodium falciparum . 

  Plasmodium  develops inside red blood cells, which con-
tain mainly hemoglobin. The parasite metabolizes the pro-
tein part of the molecule, but the heme content far exceeds 
what the organism needs and must be disposed of. This 
results in formation of nanoparticles of modifi ed heme, 
 so- called hemozoin. These particles have a well-ordered, 
almost crystalline structure and, for this reason, have an 
absorption spectrum that differs from that of hemoglobin or 
of amorphous or dissolved heme. This allows to effi ciently 
generate a vapor nanobubble around hemozoin with a laser 
pulse. Furthermore, when a short laser pulse is applied, a 
vapor nanobubble spectral narrowing takes place, similar to 
that which has been observed for gold nanoparticles: a short 
and intense laser pulse applied at the absorption maximum 
creates a gas bubble around the nanoparticle (Lukianova-
Hleb et al.  2013 ). This event can be recorded either as a pres-
sure pulse (photoacoustic method) or as increased light 
scattering, using a second (probe) laser pulse applied a short 
time after the fi rst (actinic) pulse. It is likely that the photo-
acoustic method will prove to be the more useful for nonin-
vasive detection of malaria infection in the human body. 

 Figure  5.10  shows that the action spectrum for the vapor 
nanobubble signal from hemozoin is quite different from that 
of the absorption spectrum of healthy blood. By choosing 
672 nm as the wavelength for the laser pulse, one can avoid 
any interference from undamaged hemoglobin. No photo-
acoustic signal is obtained for any wavelength if hemozoin is 
not present, as is shown by the green curve. Figure  5.11  shows 
the kind of images that are obtainable with this technique and 

a b

c d

  Fig. 5.9    Four methods for scanning near-fi eld microscopy. ( a ,  b ) Light 
is either delivered ( a ) from the tapered fi ber or collected ( b ) by it. ( c ) 
How “frustrated” total refl ection is used. All light coming from below 
undergoes total refl ection except where the evanescent fi eld from struc-
tures in the sample comes suffi ciently close to the fi ber. ( d ) Light deliv-
ered from the fi ber is scattered from structures in the sample only if they 
come within reach of the evanescent fi eld, and then the scattered light 
can be picked up by a photomultiplier or photodiode       
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how the hemozoin-containing cells can be destroyed by a 
laser pulse.    

5.12     Quantum Dots 

 “Quantum dots” is a rapidly expanding fi eld. A search for this 
term on the Web of Science in September 2014 gave 1,55,500 
hits, the fi rst two from 1986. Although the term quantum dot 
had not yet been coined, a few earlier publications, such as 
Brus ( 1984 ) and Rosetti et al. ( 1982 ), do in fact deal with 
them. During the past decade, each year an average of 926 
more papers on the subject have been published than in the 
preceding year. The main application in biology is for fl uores-
cent labeling of cell constituents. Overviews of biological 
applications are provided by Michalet et al. ( 2005 ), Du et al. 
( 2006 ), Klostranec and Chan ( 2006 ), and Xu et al. ( 2006 ). 
Before going further into biological applications, it is neces-
sary to begin with a general introduction to quantum dots. 

 A quantum dot is a semiconductor (or sometimes a metal) 
nanostructure that confi nes mobile charges, negative elec-
trons, and/or positive holes, in all directions. In this respect, 
the concept resembles the somewhat older ones, quantum 
well and quantum wire. However, a quantum well confi nes 
the charges in just one dimension and allows them to move 
freely in the other two, while a quantum wire allows the 
charges to move freely in one direction. The restriction can 
have various causes, such as electric potential gradients or 

interfaces between different materials. Quantum dots usually 
consist of 100–100,000 atoms. The smallest ones are slightly 
less than 2 nm across and the largest ones of interest to biolo-
gists about 15 nm. Some of them share many properties with 
atoms, such as having discrete energy levels. Because the 
charges are spatially confi ned, quantum dots have optical 
properties which differ from the properties of larger objects 
of the same materials. The same principles apply here as for 
the double bond systems with  π  electrons described in the 
chapter on spectral tuning in biology. Thus, smaller size cor-
responds to a smaller optical wavelength, and just by choos-
ing size, a quantum dot can be tuned, so it absorbs or emits 
light of a certain wavelength, without adjustment of chemi-
cal composition. 

 Although many scientists regard quantum dots to be 
semiconductors by defi nition, structures that behave in much 
the same way may also be constructed of some metals (Zheng 
et al.  2007 ), and therefore, it may also be acceptable to speak 
about metal quantum dots. 

 The most popular quantum dot material so far for basic 
and applied work has been cadmium selenide, CdSe. In bio-
logical contexts, the main disadvantage of this material is its 
toxicity due to release of cadmium ions, but with appropriate 
coating (cladding), this disadvantage can be decreased 
(Bakalova et al.  2005 ; Derfus et al.  2004 ; Hardman  2006 ). 
There are also other reasons to provide the quantum dot core 
with a cladding. It increases the quantum yield for emission 
and may modify the wavelength. Quantum dots with CdSe 
cores are usually coated with ZnS and outside this a shell of 
something else Bakalova et al. ( 2006 ). The outermost layer 
can be confi gured with ligands to biological structures, for 
instance, polynucleotides or antibodies. 

 The photon energy ( E  =  hν ) and thus the wavelength 
( λ  =  c / ν ) of the light emitted from a quantum dot depend 
mainly on two quantities, the energy gap E bulk  in the bulk 
material of which the (core of) quantum dot is made and the 
extra energy arising from confi nement of the mobile charge, 
 E  conf  :  hc / λ  =  E  =  E  bulk  +  E  conf . 

 A somewhat simplifi ed derivation from the time- 
independent Schrödinger equation of a formula for the emis-
sion wavelength of a spherical quantum dot with mobile 
electrons and holes, as, for instance, one made of CdSe, 
leads to  E  conf  =  h  2 /(6.513 • 8 m  e  R  2 ), where  m  e  is the electron 
mass and  R  the radius of the quantum dot. The value of  E  bulk  
varies, of course, with the material, and for CdSe, it is 
3.85·10 –19  J. Using this relationship, we can produce the solid 
curve in Fig.  5.12 .  

 As seen in Fig.  5.12 , with increasing quantum dot size, 
the emission wavelength approaches a limiting value. 
Emission wavelengths up to 700 nm can be obtained with 
CdSe as core material (Wang and Seo  2006 ), and other types 
of quantum dots can be produced that emit above 1,000 nm 
(see Michalet et al.  2005  for examples). Because, in practice, 
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  Fig. 5.10    Photoacoustic signal from an infected red blood cell contain-
ing hemozoin ( red ) and a healthy cell ( green ). The  blue curve  shows the 
absorption spectrum of an oxygenated blood, corrected for scattering 
and normalized to the same maximum as the  red curve  (Data from 
Lukianova-Hleb et al. ( 2014 ), redrawn)       
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all quantum dots in a preparation do not have exactly the 
same dimensions, the emission is spread out over a spectral 
band of fi nite width. However, quantum dots have emission 
bands more narrow than most fl uorescent molecules. The 
absorption spectrum is, on the other hand, quite wide 
(Fig.  5.13 ), so different types of quantum dots can be excited 
with the same kind of light, which is an advantage when one 
wishes to image quantum dots emitting different colors at the 
same time in the same sample.  

 The power dependence with the quantum dot radius raised 
to −2 based on the simplifi ed theory is not universal, and Brus 
( 1984 ) and more recently Wang and Seo ( 2006 ) and 
Cademartiri et al. ( 2006 ) derived more accurate relationships. 

One of these (more relevant for CdSe quantum dots) is shown 
in Fig.  5.10  (dashed curve). 

 The main advantages of using quantum dots rather than 
molecular fl uorescent labels are (1) greater stability against 
bleaching, (2) higher fl uorescence quantum yield and there-
fore stronger fl uorescence, (3) more narrow emission bands, 
and (4) the possibility of continuously tuning of the emission 
wavelength and choosing any desired value. The fi rst two 
properties make it possible to follow single-labeled macro-
molecules as they move around in a cell, are taken up, or are 
excreted. The second two properties make it possible to label 
several different kinds of molecule in different colors in the 
same preparation. 
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  Fig. 5.11    Pulsed laser (532 nm, 40 mJ · cm  − 2 ) exposure of isolated 
hemozoin and cultured human blood cells results in hemozoin- 
dependent nanobubble generation, which is detectable optically and 
acoustically and results in infected cell destruction. ( a ) Hemozoin 
nanoparticles in water. ( b ) Uninfected ( top ) and  P. falciparum  early ring 
stage – infected ( bottom ) human red blood cells. ( c ) Uninfected ( top ) and 

 P. falciparum  mature schizont stage – infected ( bottom ) human red blood 
cells. ( d ) Uninfected human RBC. ( I ) Bright fi eld image shows cells 
before laser pulse. ( II ) SYBR green I fl uorescence image reveals para-
site presence before laser pulse. ( III ) Time-resolved optical scattering 
images of nanobubbles. ( IV ) Bright fi eld images after laser pulse (From 
Lukianova-Hleb et al. ( 2014 ))       
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  Fig. 5.12    Emission wavelength versus quantum dot radius for spheri-
cal CdSe quantum dots without cladding, computed as described in the 
text. The  solid line  is for the empirical model with exponent −1.25, the 

 dashed line  for the theoretical model with exponent −2. An  E  bulk  value 
of 2.78781·10 –19  J is used here       
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  Fig. 5.13    Phototuning of CdSe quantum dots with SiO 2  shells. ( 1 ) 
Absorption spectrum of the original quantum dots. The vertical axis 
does not show absorbance in this diagram, but absorption coeffi cient 
divided by scattering coeffi cient, but this does not make much difference 
in shape of the spectrum. These original quantum dots have an absorp-
tion maximum at 553 nm and an emission maximum at about 572 nm. 

After photoetching for 20 h with 514-nm light, the absorption spectrum 
changes to  curve 2  and the emission spectrum to  curve 3 . Quantum dots 
with other emission maxima can be obtained by photoetching with light 
of other wavelengths. In every case, the absorption spectrum changes so 
that absorption becomes practically zero at the etching wavelength 
(Redrawn and simplifi ed, after Torimoto et al. ( 2006 ))       

 

 

L.O. Björn



61

 The fl uorescence yield of small CdSe quantum dots can 
be increased to >0.5 by careful control of temperature, Cd/Se 
ratio, and other factors during production (Donega et al. 
 2003 ) and following treatment with ultraviolet radiation 
(Bakalova et al.  2005 ). McBride et al. ( 2006 ) show that 
structural relations between the CdSe core and the ZnS shell 
are important. The quantum yields decrease with increasing 
quantum dot size (increasing wavelength), which is attrib-
uted to decreasing overlap between the wave functions for 
electrons and holes. Larger quantum dots, on the other hand, 
absorb more excitation light. Quantum dot size and thus 
emission wavelength can be varied by varying the duration 
of crystal growth time at high temperature and also by adjust-
ing the temperature (190–270 °C) for crystal growth (Wang 
and Seo  2006 ). A particularly elegant method to tune cad-
mium selenide quantum dots with SiO 2  shells has been 
devised by Torimoto et al. ( 2006 ), who use monochromatic 
light of selected wavelengths to etch the quantum dots (by 
photochemical oxidation of the selenium) until they stop 
absorbing the etching light. The peak emission will then be 
at about 20 nm lower wavelength than the etching light. This 
procedure should also help to decrease the size variation 
between the particles and thus result in a narrower emission 
spectrum. The SiO 2  shell serves to prevent the particles from 
coalescing. 

 Because of the extremely low detection limits of quantum 
dot fl uorescence labels, they can be employed for various 
forensic purposes, such as detection of anthrax spores (Park 
et al.  2006 ), specifi c DNA traces (Raymond et al.  2005 ), or 
fi ngerprints (Bouldin et al.  2000 ; Menzel et al.  2000 ). 
Specifi city and suppression of background fl uorescence 
interference can be improved by monitoring the fl uorescence 
lifetime (Bouldin et al.  2000 ). 

 Among applications on the medical side, early cancer 
detection (Nida et al.  2005 ; Chu et al.  2006 ; Hu et al.  2006 ; 
Li et al.  2006 ) deserves special mention. 

 One of the most interesting properties discovered dur-
ing the study of single quantum dots is that even if they 
are steadily illuminated, they usually do not fl uoresce 
continuously, but intermittently. In other words, they 
“turn on and off,” a phenomenon known as blinking. 
Although of great theoretical interest, we shall not expand 
on the reasons for blinking here. In some cases, blinking 
may be a disadvantage, for instance, if quantum dots are 
used for tracking molecules which move rapidly in unpre-
dictable ways, but in most cases, it is not a problem 
because of the high speed of on and off switching. In other 
cases, blinking can be taken advantage of. For instance, 
blinking makes it possible to determine whether light 

comes from a single or two quantum dots (by determining 
whether the blinks have just one light level or two) and to 
determine the distance between two quantum dots, even if 
they are too close to be resolved in the microscope 
(Lagerholm et al.  2006 ). Blinking can be suppressed by 
covering the quantum dots in a special way (Hammer 
et al.  2006 ). 

 For some applications, it may be of advantage to make 
the quantum dots emit light without being themselves illu-
minated, and this is possible to achieve by supplying 
energy in some other way (So et al.  2006 ). If the quantum 
dots are tuned to emit very long-wavelength radiation, they 
may be visible (by instruments) even if buried deep in the 
body, something that may be of great value for tracing 
cancers. 

 Because of the possibility of seeing individual quantum 
dots, many different molecules have been individually 
tagged with them, for instance, DNA (Crut et al.  2005 ) and 
RNA (Chan et al.  2005 ) molecules and ion channels 
(O’Connell et al.  2006 ; Nechyporuk-Zloy et al.  2006 ). Since 
quantum dots can be counted, they have also been used for 
counting molecules. For such a count to be reliable, how-
ever, one has to be able to ascertain that all molecules 
become labeled, and O’Connell et al. ( 2006 ) have worked 
out a procedure to check if this is the case, using two labels 
with different colors and seeing how many two-color labeled 
points there are in relation to those labeled with one color 
only. In their particular case, they determined that a mem-
brane channel protein could be labeled with a maximum of 
two quantum dots. 

 By conjugating quantum dots to signal peptides (used by 
cells to target proteins to correct organelles), the quantum 
dots can be directed to specifi c organelles (Hoshino et al. 
 2004 ). Many other examples of adaptations of quantum dot 
surfaces for different cellular targets are described by 
Medintz et al. ( 2005 ). Mutations in DNA can be detected 
with a method employing quantum dots (Yeh et al.  2006 ). 

 Many different types of quantum dots are now commer-
cially available. Some of them are so easy to make that sev-
eral student experiments for this have been worked out, both 
for CdS and for CdSe quantum dots (Fig.  5.14 ) (Kippeny 
et al.  2002 ; Boatman et al.  2005 ; Winkler et al.  2005 ). 
Traditionally, CdSe quantum dots have been manufactured at 
high temperature using poisonous organic solvents, but Deng 
et al. ( 2006 ) show that it is also possible to work below 
100 °C and use water as solvent. In addition to production by 
these “wet” methods, there exists a “dry” method for manu-
facture of another kind of quantum dots for the electronics 
industry.   
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5.13     Photochemical Internalization 

 Photochemical internalization is a technique for delivering 
macromolecules or other particles to the cytoplasm of cells. 
Molecules that would otherwise be excluded from the cell 
can be made to pass through the cell by being combined with 
a suitable molecule or atom group that causes it to be taken 
up into a vesicle by endocytosis. A problem with this is that 
the material taken up in a cell remains in membrane vesicles 
and may eventually end up in lysosomes and be broken down 

there. The enclosing membrane can, however, be punctured 
by photochemical production of singlet oxygen (Berg et al. 
 1999 ). Singlet oxygen is very short lived in vivo (Moan and 
Berg  1991 ) and therefore does not diffuse more than a few 
nanometers (20 nm at most) before being destroyed. 
Therefore, the photodynamic attack on the vesicle mem-
brane is most effi cient if the sensitizing pigment is incorpo-
rated into the vesicle membrane. Some photosensitizers 
have, in fact, been found which after uptake in cells become 
specifi cally localized to lysosome membranes (Fig.  5.15 ). 
The photosensitizer may be administered together with the 

  Fig. 5.14    CdSe quantum dots prepared in a student experiment. The 
 top picture  shows fl uorescent colors with UV-A excitation, the  bottom  
one the absorptive colors under white light. CdSe quantum dots can be 
prepared emitting fl uorescence at longer wavelength, up to 700 nm 

(From Boatman et al.  2005  with permission from  J Chem Educ . Vol. 82, 
No. 11, pp. 1697–1699; copyright ©2005, Division of Chemical 
Education, Inc.)       
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  Fig. 5.15    Two photosensitizers that become specifi cally localized to 
endocytic vesicle membranes after being taken up into cells. TPPS2a is 
 meso -tetraphenylporphine with two sulfonate groups on adjacent 

 phenyl rings, and AlPcS2a is aluminum phthalocyanine with two sulfo-
nate groups on adjacent rings (From Høgset et al. ( 2004 ))       
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substance to be taken up. Alternatively, as shown in Fig.  5.16 , 
the cell may be preloaded with the sensitizer and lysosomes 
punctured with light.   

 When afterwards the substance is taken up by endocyto-
sis, the endocytic vesicles fuse with the punctured lysosomes 
and the substance is released to the cytosol. 

 An alternative to generation of singlet oxygen for punc-
turing liposomes is to use photocleavable lipids for con-
structing vesicle membranes (Chandra et al.  2006 ). 

 Many different kinds of molecule and molecular aggre-
gates can be delivered to cells with liposomes in this way, 
and there are several variants of the method. One is to com-
bine the molecule to be delivered in a liposome with a cat-
ionic peptide or cationic polyethyleneimine–amino acid 
combination. In this way, a faulty (mutated) gene can be 
replaced with a correct one and fi nd its proper place in the 
nucleus (Ndoye et al.  2006 ). 

 An advantage of photochemical internalization is that it 
can be very specifi cally applied to individual cells or groups 
of cells, for instance, cancers, while a drug remains mem-
brane enclosed and inactive in surrounding cells. Such speci-
fi city is achieved both by directing the membrane-puncturing 
light and by choosing sensitizers which are targeted to, for 
instance, cancer cells. 

 The other method for getting molecules where you want to 
have them in the cell is to attach them to a suitable carrier 
molecule. We have already mentioned the cell membrane- 
penetrating cationic peptides, but other ligands can be used 
for specifi c purposes. This so-called caged compound can 
then be set free by breaking the bond to the carrier molecule 
with light. An example is the delivery of oligonucleotide to 

the cell nucleus described by Ghosn et al. ( 2005 ). They 
attached the oligonucleotide to 1-(4,5-dimethoxy-2- 
nitrophenyl) ethyl ester (DMNPE). The DMNPE alters the 
charge and makes the molecule more lipophilic, so it can pass 
the membranes into the nucleus. As long as the oligonucle-
otide is attached to DMNPE, replication is blocked, but after 
breaking the attachment by irradiation with 365-nm UV-A 
radiation, the oligonucleotide becomes integrated into the 
genome. The authors used an optical technique (a so- called 
molecular beacon) to check whether hybridization took place 
or not. Alternatives to DMNPE have been investigated by 
Kim and Diamond ( 2006 ). Marriott et al. ( 2003 ) describe how 
proteins can be caged by use of bromomethyl- 3,4-dimethoxy-
2-nitrobenzene (BMDNB) attached to  cysteine residues in the 
protein. An alternative approach for caging proteins is the 
introduction of unnatural amino acids through mutagenesis 
(Petersson et al.  2003 ). 

 Calcium ion is an important cellular messenger. The Ca 2 + 
concentration in the cytosol is usually near 0.1 μmolar. When 
it is caused to rise, a number of processes, dependent on the 
type of cell, are initiated. The Ca 2 + is released from organ-
elles, the endoplasmic reticulum, or, in plants, the cell wall. 
To study these signaling pathways, it is desirable to be able to 
initiate experimentally a rise in cytosolic calcium concentra-
tion without having to activate the initial part of the signaling 
pathway. This can be done by supplying the cell with caged 
calcium ions, i.e., calcium ions in a cage of a chelator, which 
can be photochemically decomposed. Bacchi et al. ( 2003 ) 
describe a number of chelators that can be used in this way, 
nitrophenyl ethylene glycol-bis(2-aminoethyl)  N , N , N ′, N ′-
tetraacetic acid (NP-EGTA) being one example (Fig.  5.17 ).   

5.14     Photogating of Membrane Channels 
and Related Techniques 

 For a long time, investigators of the nervous system have 
used electrodes to stimulate nerve cells and fi nd out what 
kind of signals they conduct and what the result of their 
activity is. To this, new methods have now been added: pho-
tostimulation or photoinhibition. 
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  Fig. 5.16    Photochemical internalization using preloaded sensitizer. 
The cell is fi rst treated with sensitizer( s ) and the vesicles containing sen-
sitizer punctured with light. When then the molecules ( m ) to be delivered 
to the cytosol are taken up by endocytosis, the endocytosis vesicles fuse 
with the already punctured vesicles, and the molecules are released to 
the cytosol (Redrawn and modifi ed from Høgset et al. ( 2004 ))       
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  Fig. 5.17    Nitrophenyl ethylene glycol-bis(2-aminoethyl)  N , N , N ′, N ′-
tetraacetic acid, an example of a substance that can be used to deliver 
caged calcium ions       
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 There are basically three ways of making it possible for 
light to affect nerves:
    1.    Photodelivery of caged neurotransmitters. An example of 

this was provided by Callaway and Katz ( 1993 ). They 
bathed brain slices in a solution containing L-glutamic 
acid a-(4,5-dimethoxy-2-nitrobenzyl)ester. This com-
pound in itself is inactive. When a brief (1 ms) pulse of 
ultraviolet radiation is delivered to the preparation, the 
neurotransmitter L-glutamic acid is released, and a spike 
of inward current can be recorded. The procedure can be 
repeated at least 30 times. Photorelease of caged com-
pounds is treated more generally in the previous section.   

   2.    Use of rhodopsins. Natural photogating of membrane 
channels takes place in our eyes with the help of rhodopsin 
in the membranes of outer segments of rods and cones. 
Also, in some microorganisms similar events occur, medi-
ated by chromoproteins similar to our rhodopsins. Both 
vertebrate rhodopsin and so-called channelrhodopsin from 
a green alga have been used for artifi cial gating of other 
channels than their natural ones (Boyden et al.  2005 ; Li 
et al.  2005 ; Zhang et al.  2006 ). Genetic engineering is used 
to express the proteins in the desired tissues and couple 
them to the signaling pathways for the desired membrane 
channels. This is one aspect of “optogenetics.” The defi ni-
tion of optogenetics varies, but according to Deisseroth 

( 2011 ), it is “the combination of genetic and optical meth-
ods to achieve gain or loss of function of well-defi ned 
events in specifi c cells of living tissue.” A general recent 
overview is provided by Packer et al. ( 2013 ).   

   3.    Use of artifi cial pigments to regulate the channel. These 
methods can, in turn, be divided into two categories. A mol-
ecule that changes conformation upon illumination can be 
attached directly to the channel protein so that a part of it 
either blocks the channel or not, depending on the shape of 
the pigment molecule, or the pigment can be incorporated 
into the lipid of the membrane and change its conformation. 
The fi rst method was pioneered by Lester et al. ( 1980 ), who 
chemically modifi ed the nicotinic acetyl choline receptor to 
make it light sensitive. Banghart et al. ( 2004 ) used the 
method to regulate a potassium channel. They used a com-
pound consisting of maleimide–azo group–quaternary 
amine. The maleimide reacted chemically with a cysteine 
sulfhydryl group in the channel protein, the azo group 
undergoes  cis–trans  isomerization upon absorption of light, 
and the nitrogen in the amine carries a positive charge, 
which, in the correct position, can prevent potassium ions 
from passing the channel. The arrangement is shown in 
Fig.  5.18 . The  cis–trans  isomerization of the compound is 
photoreversible, and the photoequilibrium spectra (of same 
shape as action spectra) are shown in Fig.  5.19 .       

a

b

  Fig. 5.18    ( a ) The reversibly photochromic chromophore consisting 
of a maleimide group (MAL), an azo group (AZO), and a quaternary 
ammonium nitrogen (QA). The latter is, in turn, attached to the potas-
sium channel protein. When the chromophore absorbs 380-nm radia-
tion, the distance between its ends decreases by 0.7 nm (7 Å). ( b ) The 

potassium channel is reversibly blocked by the positive charge on the 
chromophore by 500-nm light and opened again by 380-nm UV-A 
radiation (Reprinted by permission from Macmillan Publishers Ltd: 
 Nature Neurosci . 12, 1381–1386 (Banghart et al. ( 2004 ), Copyright 
2004)       
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 Membrane channel proteins can be stimulated electri-
cally and in many cases also chemically. So what are the 
advantages and disadvantages of photoregulation? A par-
ticular cell can be probed with either an electrode or a light 
beam, while you can only use light to choose a particular 
kind of (modifi ed) channel. The disadvantage with light is 
that you must modify the channel to make it light sensitive. 
With chemical stimulation, you can reach a particular chan-
nel type, but both spatial resolution and temporal resolution 
are extremely bad, especially compared to what can be 
achieved with light. As shown in Fig.  5.20 , the switching of 
a channel on and off with light can be done very rapidly—
within milliseconds.  

 Many of the experiments with photoregulation of mem-
brane channels have been performed on nerve cells, and the 
results can be quite dramatic. Schroll et al. ( 2006 ) show how 
the behavior of fl y larvae, in which neural cation channels 
have been amended with channel rhodopsin, can be altered 
just by illuminating the animals with blue light. Depending 
on what particular channel type has been modifi ed, different 
behavioral changes result. Here we see another advantage of 
light stimulation over electrical stimulation: the animals can 
be completely unattached and free moving, and all the chan-
nels of a particular type can be immediately activated at once. 

 Folgering et al. ( 2004 ) show how a mechanosensitive 
channel can be regulated by light by incorporating a  cis–trans  
photoreversible phospholipid-mimicking molecule into the 
lipid bilayer, so that the membrane can be photoreversibly 
distorted. So far, this has only been done in vitro in patch-
clamp experiments, but it does not appear impossible to use a 
similar procedure with living organisms. Koçer et al. ( 2005 ) 
also made a mechanosensitive channel light  switchable, but 
by a quite different method. By genetic engineering, they 
replaced a glycine residue in the channel protein by a cysteine 
residue. The sulfhydryl group of this cysteine, which was the 
only one in the protein, could then be reacted with a photo-
chromic compound, by which the channel could be reversibly 
blocked by irradiation with visible light ( λ  > 460 nm) and 
opened again by irradiation with UV radiation (366 nm). 

 Eisenman et al. ( 2007 ) have constructed a photoactivatable 
neurosteroid by which  GABA   A   receptor function can be light reg-
ulated. It can be used for blocking neuron fi ring by 480-nm light. 

 Promising animal experiments for restoring vision in 
blind individuals have been done by many groups, including 
Doroudchi et al. ( 2011 ). These as several other researchers, 
used virus to introduce channelrhodopsin 2 into the defunct 
receptor cells. Channelrhodopsin 2 has the advantage of pro-
ducing the required transport of sodium ions resulting in fast 
(within 50 ms) depolarization of the membrane in a more 
direct way than the natural system. The light effect is directly 
on the ion channel, while the natural system employs inter-
mediate messengers. As long as only the natural channelrho-
dopsin 2 is used, vision is monochromatic with maximum 
sensitivity in the violet region. A recent thorough description 
of this fi eld is provided by Natasha et al. ( 2013 ). 

 Chen et al. ( 2013 ) modifi ed the plant UV-B receptor to 
create a system by which protein secretion can be controlled 
by UV-B and which can be used for studying protein traffi ck-
ing in neurons.  

5.15     Photocrosslinking and Photolabeling 

 It is of interest to know which molecules make contact with 
one another in the cells without forming strong and stable 
bonds. The three kinds of problem most often encountered 
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  Fig. 5.19    Steady-state spectra for open and closed states of the potas-
sium channel in Fig.  5.16 . Steady-state spectra are action spectra nor-
malized so that the sum of the ordinates of the curves is unity in the 
overlap region (From Banghart et al. ( 2004 ))       

  Fig. 5.20    The action potentials in a nerve cell are rapidly switched on 
by 390-nm radiation ( white bars ) acting on a modifi ed membrane chan-
nel and equally rapidly switched off by 505-nm light ( black bars ) (From 
Chambers et al. ( 2006 ))       
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are elucidation of protein–protein contacts, protein–DNA 
contacts, and hormone–receptor contacts. Photocrosslinking 
and photolabeling are methods that have been used for this 
purpose for four decades. The older literature is reviewed by 
Brunner ( 1993 ), and emphasis here will be placed on specifi c 
recent developments. 

 For a couple of decades, it has been possible to incorporate 
unnatural amino acids into proteins in a site-specifi c way 
in vitro (Bain et al.  1989 ). A great leap was taken when Wang 
et al. ( 2001 ) designed a method for doing this in vivo. Soon 
thereafter (Chin et al.  2002 ), the method started to be used for 
incorporating photoreactive amino acids, which upon expo-
sure to ultraviolet radiation form bonds to nearby protein 
molecules. In this way, the in vivo contact points between 
proteins can be determined. It would carry too far to describe 
the details of the method here, but up-to-date accounts are 
given by Xie and Schultz ( 2005 ,  2006 ). In brief, the function 
of the “amber” codon (UAG) is modifi ed and its natural func-
tion suppressed and, using molecular components from 
Archaea, a translation system is engineered, which uses this 
codon to insert the desired amino acid. Later, the “opal” 
codon (UGA) was used for the same purpose. The fi rst exper-
iments dealt with insertion of the engineered systems into 
bacteria, but by now, researchers have succeeded in doing the 
same also with eukaryotic (including mammalian) cells. The 
types of unnatural amino acids that have been inserted now 
number over 30, and among them are three photoreactive 
ones,  p -azidophenylalanine,  p - benzoylphenylalanine   (pBpa) 
(Fig.  5.21 ), and  p -(3-trifl uoromethyl- 3H-diazirin-3-yl)-
phenylalanine. Among these derivatives, pBpa is particularly 
useful, because it reacts to UV-A radiation (about 360-nm 
wavelength), which is not very destructive to cellular compo-
nents and also gives greater penetration depth than the shorter-
wavelength radiation necessary for the other photoreactive 
amino acids. A slight disadvantage to pBpa is that it has a 
preference for reacting with methionine. Therefore, it does 

not necessarily indicate the closest neighbor in an adjacent 
protein but one up to eight amino acid units away from it 
(Wittelsberger et al.  2006 ).  

 Results obtained by this method include elucidation of the 
contact between ATPase and a transport protein (Mori and 
Ito  2006 ), contacts between the components in dimeric 
enzymes (Blanck and Mehl  2006 ), and contacts between 
proteins in a signaling pathway (Hino et al.  2005 ). 

 When cells are irradiated with UV-C radiation, cross- 
links can develop between nucleic acids and adjacent pro-
teins without any prior modifi cation of either. These 
cross-links, however, are not very informative since they do 
not necessarily refl ect closest neighbor relations. The use of 
UV-C also has drawbacks because of its destructive action 
and poor penetration in living matter. Therefore, Geyer et al. 
( 2004 ) and others have developed more specifi c methods, 
which involve the addition of specifi c photoreactive groups 
that respond to UV-A radiation. 

 Also, some hormones can be photocrosslinked to their 
receptors without artifi cial photoreactants. Thus, the fi rst 
photocrosslinking of a plant hormone, abscisic acid, was per-
formed without prior modifi cation (Hornberg and Weiler 
 1984 ). Also, steroid hormones containing unsaturated ketone 
groups can be photocrosslinked in the natural state (e.g., 
Gronemeyer and Pongs  1980 ; Schaltmann and Pongs  1982 ). 
If the hormone carries a label, such as a radioactive carbon 
atom, the hormone receptor is said to be  photoaffi nity 
labeled.  But such experiments have later been complemented 
using hormones linked to artifi cial photocrosslinking groups 
(e.g., Todoroki et al.  2001 ), and for many other hormones, 
artifi cial photocrosslinkers are required (e.g., Beale et al. 
 1992 ; Swamy et al.  2000 ). To determine how RNA mole-
cules contact ribosomal proteins, Demeshkina et al. ( 2003 ) 
used mRNA analogs containing a perfl uoroarylazido group. 
Arylazido derivatives are highly reactive and can therefore 
be expected to react with and indicate close neighbors (not 
only amino acids in proteins but also bases in nucleic acids). 
The perfl uoro group increases the lifetime of the excited sin-
glet state and therefore also the reaction quantum yield.  

5.16     Fluorescence-Aided DNA Sequencing 

 The Sanger method for DNA sequencing has enjoyed a 
remarkably long life in the rapidly developing fi eld of molec-
ular biology. However, the strong interest in DNA sequencing 
for phylogenetic research, forensic investigations, and other 
purposes has stimulated the search for cheaper and faster 
methods and methods allowing sequencing of single mole-
cules. In the past few years, several methods using fl uores-
cence techniques have been invented (Metzker  2005 ). Most 
of them are based either on the capillary electrophoresis 
 introduced by Jorgenson and Lukacs ( 1981 ), or on 
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 immobilizing DNA molecules on a substrate (Seo et al.  2005 ; 
Krieg et al.  2006 ), or on immobilizing an enzyme. Some of 
them can be used for sequencing single DNA molecules 
(Werner et al.  2003 ; Ramanathan et al.  2004 ; Bayley  2006 ). 
There are methods for labeling the bases in DNA with fl uoro-
phores with either absorption or emission spectra suffi ciently 
different so that the bases can be distinguished by fl uores-
cence (e.g., Lewis et al.  2005 ; Seo et al.  2005 ). 

 Another fl uorescence method important in genomic 
research is fl uorescence in situ hybridization (FISH) (see 
Jiang and Gill  2006  for a review on the application of the 
method to plants and references to other literature). In this 
method, a sequence-specifi c probe that is made to fl uoresce is 
attached directly to DNA while it is still in the chromosome.     
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6.1           Introduction 

 Natural light at the surface of the Earth is almost synony-
mous with light from the sun. Light from other stars has, as 
far as is known, photobiological importance only for naviga-
tion by night-migrating birds and some beetles Dacke et al. 
( 2013 ). 

 Moonlight, which originates in the sun, is important for 
the setting of some biological rhythms. A full moon may per-
turb the photoperiodism of some short-day plants and also 
synchronize rhythms in some marine animals. 

 However, the majority of photobiological phenomena are 
ruled by daylight, and we shall devote the remainder of this 
chapter to this topic. We shall treat the shortest wavelength 
components of daylight, UV-B radiation, at the end of this 
chapter, as special problems are involved with this wave band.  

6.2     Principles for the Modifi cation 
of Sunlight by the Earth’s Atmosphere 

 As mentioned earlier, the radiation from the sun (Fig.  6.1 ) is 
spectrally very similar to blackbody radiation of 6,000 K 
(above 700 nm 5,777 K). There are, however, deviations 
both in the basic shape and due to reabsorption (Fraunhofer 
lines) of some light by gases in the higher, cooler layers of 
the sun.

   The Earth’s atmosphere refl ects, refracts, scatters, and 
partially absorbs the radiation from the sun and thereby 
changes its spectral composition considerably. Part of 
the absorption and Rayleigh scattering is due to the main 
gases in the atmosphere, the concentration of which can 

be regarded as constant. Another part is due to ozone and 
water vapor (see Stomp et al.  2007 ), which occur in highly 
variable amounts. A third part is due to aerosol, which is 
also highly variable. The absorption causes loss of light, 
while scattering causes some light to be lost to space, while 
another part appears as diffuse light (skylight). Light is also 
refl ected by clouds and thereby mostly lost to space, but this 
will not be considered in detail here. Light refl ected from 
the ground is partly scattered downward or refl ected from 
clouds and again appears at the surface as diffuse light, and 
for this reason, the ground refl ectivity has some effect on 
skylight. 

 Daylight is also strongly dependent on the elevation of 
the sun above the horizon (90° minus the solar elevation is 
called the zenith angle of the sun and often symbolized by 
the Greek letter theta,  θ ), because the lower the sun, the 
more air the rays must pass before they reach the ground. 
Daylight can be considered as composed of two compo-
nents—direct sunlight and scattered light. The scattered 
light is in most cases dominated by skylight, while some 
may reach the observer as scattered from the ground, 
trees, etc.  
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6.3     The UV-A, Visible, and Infrared 
Components of Daylight in the Open 
Terrestrial Environment Under Clear 
Skies 

 Accurate methods for computational modeling of daylight 
depart from the radiative transfer theory described by 
Chandrasekhar ( 1950 ). However, the fundamental formulas 
usually cannot be used directly; different approximations 
have to be used for various cases, and this is nothing for the 
average biologist to work with. However, as long as we are 
dealing with clear skies (no clouds) and relatively long 
wavelengths (near-infrared, visible, and UV-A radiations) 
and as long as we stay above water and vegetation, daylight 
can be well described by methods that are more easily 
handled. 

 A simple and for most purposes adequate procedure for 
this has been published by Bird and Riordan ( 1986 ). Their 
model, SPCTRAL2, has become very popular, and their 
paper had been cited over 340 times when this is being writ-
ten. An alternative approach for part of the spectrum is that 
of Green and Chai ( 1988 ). We shall use the approach of Bird 
and Riordan ( 1986 ) here to show how the direct component 
(sunlight) and the component scattered by the atmosphere 
(skylight) vary with the solar elevation (i.e., with the zenith 
angle). The same algorithm can be used also for visualizing 
how other factors, such as air pressure, air humidity, aerosol, 
ozone column, and ground albedo, affect daylight. We show 
the result only from 300 to 800 nm, but the paper by Bird and 
Riordan ( 1986 ) can be used to model radiation up to 4 μm, 
i.e., 4,000 nm. Hulstrom et al. ( 1985 ) have published values 
for airmass 1.5 (i.e., a solar elevation of 41.8° above the hori-
zon for a standard atmosphere). 

 Figure  6.2  shows three spectra, representing the direct 
sunlight, the skylight (diffuse radiation), and their sum, the 
so-called global radiation (the total daylight). Note that the 
skylight has its maximum moved toward shorter wavelengths 
compared to the direct sunlight. This corresponds to the fact 
that the sky appears blue in color and also to the fact that 
Rayleigh scattering is inversely proportional to the fourth 
power of the wavelength.

   Figure  6.3  shows the irradiance on a horizontal plane and 
the one for the irradiance on a vertical plane in the compass 
direction (azimuth) toward the sun. These spectra are rather 
different. The sunset sunlight is of course much stronger in 
the horizontal direction (on a vertical plane). The scattered 
light is now not only skylight but also light scattered from the 
ground, and therefore, it contains much more long-wave 
components. Note also how deep the absorption bands for 
water vapor and oxygen have become, because the light must 
pass so much air when the sun is so low in the horizon. We 
can see from this that the concept “daylight spectrum” has no 
meaning if the geometry of measurement is not specifi ed. We 
would get a third set of spectra for the fl uence rate. The fl u-
ence rate can also be readily calculated using the algorithm 
of Bird and Riordan ( 1986 ), slightly modifi ed: the diffuse 
component should be doubled, and the factor cosinus of inci-
dence angle should be dropped in the expression for the 
direct component (sunlight).

   The algorithm of Bird and Riordan ( 1986 ) assumes the 
skylight to come equally from all over the sky, or, in other 
words, the sky  radiance  is uniform. This is an approxima-
tion, and other more accurate descriptions exist. A model 
based on radiative transfer theory has been published by 
Liang and Lewis ( 1996 ), while the group of R. H. Grant 
(Grant and Heisler  1997 ; Grant et al.  1996a ,  b ,  1997 ), based 
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on measurements, has developed a set of very simple models 
for various cloud conditions. 

 The paper by Bird and Riordan ( 1986 ), as stated in its 
title, deals only with clear skies. In modeling the diffuse sky-
light, it assumes the sky to have uniform (isotropic) radiance. 
This latter approximation works very well as long as we are 
interested only in the irradiance on a horizontal or nearly 
horizontal plane. For some other purposes, it may be of inter-
est to model more exactly the variations in sky radiance, and 
how this can be done (in a relative sense also for cloudy con-
ditions and for UV-B radiation) in a simple way has been 
described by Grant et al. ( 1996a ,  b ,  1997 ) and Grant and 
Heisler ( 1997 ) in a series of papers, with a summary pres-
ently available at   http://shadow.agry.purdue.edu/research.
model.skyrad.html    . 

 For direct sunlight, another method that is said to have 
some advantages (although not tested by the present author) 
has been published by Oke et al. ( 2010 ). In one test, under 
stable cloud-free conditions, it agreed well with the model of 
Bird and Riordan ( 1986 ), while in another, under frequently 
changing clouds test, it agreed much better with measured 
data than the older model did. This is not a pure calculation 
method, but requires for each occasion normalization against 
a pyrheliometer measurement, which explains the better 
agreement with spectroradiometer measurements under 
changing cloud conditions. 

 Sky radiance distribution, i.e., distribution of brightness 
across the sky, depends on several factors, including the 
position of the sun, cloudiness, and wavelength. The reader 
is referred to Román et al. ( 2012 ) for information about mea-
surement and computer modeling of this. 

 Skylight is elliptically polarized (i.e., partly plane polar-
ized), which is important for some animals who are able to 
determine the direction of polarization and use it for orienta-
tion (see, e.g., Labhart  1999 ). The degree of polarization can 
be approximated by  p  =  p  o ·sin μ /(1 + cos 2  μ ), where  μ  is the 

angular distance from the sun. The value of  p  o  is never more 
than 94 %, usually lower, depending on aerosol in the air, 
refl ection from the ground, etc. The direction of the major 
electrical vector is approximately along the circumference of 
“circles” on the sky with the sun in the center (e.g., Schwind 
and Horváth  1993 ). A few comments should be added to this 
simplifi ed description (again, a more exact mathematical 
description can be obtained using the radiative transfer the-
ory). Thus, the polarization is increased in the spectral bands 
where the terrestrial atmosphere absorbs strongly (Aben et al. 
 1999 ). When the sun is higher than about 20° above the hori-
zon, there are two points within 20° of the sun, one above and 
one below, where polarization is zero. When the sun is less 
than about 20° above the horizon, one such point is located 
about 20° above the antisolar point (Bohren  1995 ,  2004 ).  

6.4    Cloud Effects 

 Clouds usually decrease both the irradiance and the degree 
of polarization of daylight. However, under some circum-
stances, clouds can cause the irradiance above the values it 
would have had without clouds. This effect is particularly 
pronounced when most of the sky is overcast but the sun is 
not in clouds and when the ground is snow covered or other-
wise highly refl ecting.  

6.5    Effects of Ground and Vegetation 

 Refl ection from the ground is particularly important in the 
ultraviolet, since ultraviolet light refl ected upward by the 
ground is partially scattered downward again by the atmo-
sphere and the ground cover thus affects also downwelling 
radiation. The effect of refl ection from the ground is greatest 
when it is covered by snow. Refl ection from the ground can 
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be quite important for the visible spectrum and for plant 
growth, as shown by Hunt et al. ( 1985 ) and Kasperbauer and 
Hunt ( 1987 ). 

 Penetration of light into the ground is important for the 
germination of seeds. Soil transmission generally increases 
with increasing wavelength, thus giving buried seeds a far-
red- biased environment (Kasperbauer and Hunt  1988 ). 

 Plant canopies absorb visible light and ultraviolet radiation 
but refl ect and transmit far-red light and near-infrared radia-
tion. Light in or under green vegetation is therefore strongly 
biased toward the longer wavelengths, a fact that is of para-
mount importance to the plants subjected to this regime. The 
plant-fi ltered light forces the phytochrome system to the Pr 
(inactive) state (Holmes and Smith  1977 ; Kasperbauer  1971 , 
 1987 ; Smith  1986 ). 

 It is now possible to measure light  inside  plants and ani-
mals (Marijnissen and Star  1987 ; Star et al.  1987 ; Vogelmann 
 1986 ).  

6.6     The UV-B Daylight Spectrum 
and Biological Action of UV-B 

 At the short-wavelength end of the daylight spectrum is 
the UV-B spectral band, 280–315 nm. This band is of par-
ticular interest because it is highly biologically active 
(mostly inhibitory). It is more diffi cult to measure than 
visible light and UV-A radiation because irradiance and 
fl uence rate are lower. It is also more diffi cult to model 
than other daylight, because the spectral irradiance at 
ground surface is highly variable and dependent on 
other factors in addition to those infl uencing the longer 

 wavelength components. The main factors infl uencing 
UV-B spectral irradiance at ground level are the elevation 
of the sun above the horizon and the amount of ozone in 
the atmosphere (Fig.  6.4 ).

   A computer program to study the effects of these and 
other factors on the UV-B spectral irradiance and estimate 
the biological action was designed by Björn and Murphy 
( 1985 ) based on Green ( 1983 ) and is further described by 
Björn ( 1989 ) and Björn and Teramura ( 1993 ). A more accu-
rate code that can also be used for visible light and is based 
on radiative transfer theory is that of S. Madronich, presently 
available on the Internet (  http://cprm.acd.ucar.edu/Models/
TUV/    ). 

 UV-B is more highly scattered than longer daylight com-
ponents, and even under clear skies, much of it reaches the 
ground as skylight rather than direct sunlight. Thus, the fl u-
ence rate can be appreciable even in shadow. If the ground is 
snow covered and especially if the snow is fresh, much radia-
tion can reach the observer from snow. Snow also increases 
the ultraviolet component of skylight, because radiation 
refl ected from the ground is to an appreciable extent scat-
tered down again by the atmosphere. 

 Also, underwater ultraviolet radiation has its special mea-
suring and modeling problems. In freshwater bodies and 
coastal water, the amount of UV-B-absorbing dissolved sub-
stances is usually so high that UV-B radiation does not pen-
etrate very far. Exceptions are some Alpine lakes. But in 
clear ocean water, such as that in the Southern Ocean, UV-B 
radiation can be measured down to 60 m, and biological 
effects can be recorded at a depth of 20 m. 

 We shall return to UV-B radiation later, especially in 
Chaps.   21    ,   22    ,   23    ,   24    , and   25    .     
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  Fig. 6.4    The variation of daylight during a cloud-free day (July 5, 
1994) at Abisko in northern Sweden (68.35°N, 18.82°E). The  left panel  
shows photosynthetically active radiation (PAR, 400–700 nm), the  right 
panel  UV-B radiation. The UV-B radiation was weighted with a 

 mathematical function to enhance the biologically more active shorter 
wavelength components. The  horizontal axis  shows Universal Standard 
Time. Note that the UV-B is more concentrated toward the middle of 
the day than is PAR (From Björn and Holmgren 1996)       
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7.1 Introduction

The penetration of the sun’s energy into natural waters 

(oceans, lakes, and rivers) is dependent upon the incident 

solar radiation, the state of the windblown surface, the bot-

tom reflectance in shallow waters, and the absorbing and 

scattering properties of the water body. The absorbing and 

scattering properties are themselves determined by the type, 

concentration, and size distribution of the dissolved and par-

ticulate material within the water. The concentrations of 

water constituents such as phytoplankton, mineral particles, 

and dissolved substances vary by many orders of magnitude, 

and consequently so do absorption and scattering and the 

resulting measures of underwater light. This chapter intro-

duces the terminology used to describe light and the medium 

through which it passes, and it illustrates the ranges of values 

found in natural waters. The emphasis is on the variability of 

light fields in natural waters.

The recent text by Johnsen (2012) gives an excellent 

introduction to light written with the needs of biologists in 

mind. Kirk (1994) discusses aquatic photosynthesis in detail. 

Mobley (1994) gives an overview of optical oceanography 

and the mathematics of radiative transfer theory as needed to 

compute underwater light fields. A good online resource is 

the Ocean Optics Web Book (www.oceanopticsbook.info).

The quantities needed to describe light and its interactions 

with water are grouped into three classes: radiometric vari-

ables, which describe the light itself; inherent optical proper-

ties, which describe material media; and apparent optical 

properties, which are a combination of the two. The next sec-

tions discuss each of these in turn.

7.2 Radiometric Variables

All electromagnetic radiation—light in particular—is 

fully specified by the four-component Stokes vector, which 

relates the electric field of the propagating radiation to its 

state of polarization, spectral distribution of energy, and 

direction of travel. Many aquatic photobiological pro-

cesses such as photosynthesis are assumed to be indepen-

dent of the polarization state, although there may be 

exceptions such as the possible use of polarized light for 

navigation or visibility enhancement in searching for prey. 

This article ignores the complexities of polarization, in 

which case only the magnitude of the radiant energy is rel-

evant. This is given by the first component of the Stokes 

vector, which is called the spectral radiance L. To a good 

approximation, water bodies are often horizontally homo-

geneous on scales of 100 m or less, in which case the radi-

ance is a spatial function only of the depth z, the polar (θ) 

and azimuthal (ϕ) directions, and wavelength λ. With these 

assumptions, the radiance distribution L(z, θ, ϕ, λ) gives a 

complete description of the light field. (Depth z is nor-

mally measured positive downward from 0 at the mean 

water surface; θ and ϕ refer to the direction the light is 

traveling, with θ = 0 in the + z direction.) Spectral radiance 

has units of watts of radiant power per unit area (perpen-

dicular to the direction of travel) per unit steradian (of 

solid angle about direction θ, ϕ), per unit wavelength inter-

val, or W m−2 sr−1 nm−1. The directional information con-

tained in the radiance is crucial for applications such as 

prediction of underwater visibility. However, this direc-

tional information is not needed for photobiology because 

absorption by randomly oriented phytoplankton and other 

water constituents does not depend on the direction of 

light travel. Thus, the radiometric variables most com-

monly measured and used for biology and thermodynam-

ics (i.e., water heating) are various irradiances, which are 

integrals of the radiance over direction.
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Consider an instrument with a flat collecting surface, 

with each point of the surface being equally sensitive to 

light incident onto the surface from any direction seen by 

the detector. The detector is equipped with filters so that the 

incident power is measured as a function of wavelength. If 

such a detector has its collecting surface pointing upward, 

so as to collect light traveling downward, it measures the 

downwelling spectral plane irradiance Ed(z, λ), which has 

units of W m−2 nm−1. Note that the effective collection area 

of the detector as seen by radiance traveling in direction θ 

relative to the normal to the detector surface reduced by a 

factor of cosθ; such instruments are therefore called cosine 

detectors. If the radiance is known, Ed(z, λ) is obtained by 

integrating the radiance over all downward directions, with 

the radiance weighted by cosθ to account for the sensor 

angular response:
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0
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2p p
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(7.1)

Here sin θ dθ dϕ is the differential element of solid angle. If 

the same detector is pointing downward, it measures the 

upwelling plane irradiance Eu(z, λ).

If the detector has a spherical collecting surface (think of 

a ping pong ball), it is equally able to detect light traveling in 

any direction. The measured quantity is then the scalar irra-

diance E0(z, λ), which is obtained from the radiance by inte-

grating over all directions, but without the cosine 

weighting:
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(7.2)

Scalar irradiance (sometimes called fluence rate by biolo-

gists) is the measure of light energy available to drive photo-

biological processes, which do not depend on the direction 

of light propagation. Although the probability of a photon 

being absorbed by a chlorophyll molecule depends on wave-

length, all photons, once absorbed, lead to the same photo-

synthetic reaction. Thus, it is the number of photons 

absorbed, not their individual energies, that is relevant to 

primary production calculations. The corresponding radio-

metric variable is the scalar irradiance converted from energy 

units (W m−2 nm−1) to quantum units (photons s−1 m−2 nm−1). 

A single photon contains energy hc/λ, where h = 6.626·10−34 J s 

is Planck’s constant, c = 2.998·108 m s−1 is the speed of light, 

and λ is the wavelength (here in meters).

Thus, the conversion from energy to quantum units is 

done by multiplying E0 by λ/hc. A crude but commonly used 

measure of the total number of photons available for photo-

synthesis is the photosynthetically available radiation (PAR), 

defined by
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(7.3)

(Some researchers use 350 nm as the lower bound for the 

PAR range of wavelengths.) In aquatic systems PAR is 

often measured in μmol photons m−2 s−1, where 1 mol is 

6.023·1023 photons. Note that PAR always refers to quan-

tum units; it is not a synonym for broadband irradiance in 

energy units.

For studies concerned with the influence of ultraviolet 

(UV) radiation on aquatic organisms, other broadband quan-

tities are of interest. UV-A is electromagnetic radiation with 

wavelengths in the 315–400 nm range, and UV-B is radiation 

in the 280–315 nm range. Thus, for example, the solar scalar 

irradiance penetrating to depth within the UV-B region of the 

spectrum, EUV−B(z), is computed as
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(7.4)

There are other radiometric variables, but these give us what 

is needed.

7.3 Inherent Optical Properties

The optical properties of a material medium—here a water 

body—are specified by its inherent optical properties (IOPs). 

IOPs depend only on the medium, not on the light propagat-

ing through it. The two fundamental IOPs are the spectral 

absorption coefficient, a(λ), and the volume scattering func-

tion β(ψ, λ), where ψ is the scattering angle measured from 

0 in the forward (unscattered) direction of light propagation. 

These two quantities fully specify (ignoring polarization) 

how light can interact with the medium.

Consider monochromatic light propagating in a particular 

direction through a water body. In going from location r to 

r + ∆r along the direction of propagation, some amount 

∆Φ(r) of the incident power Φ(r) is absorbed by the water. 

The fraction of power absorbed is the absorptance 

A = ΔΠ(r)/Π(r). All quantities depend on wavelength, but not 

on the direction of propagation (in isotropic media such as 

water). The absorption coefficient a(λ) is the absorptance per 

unit distance traveled, or conceptually
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with units of m−1. Radiant energy absorbed at one wave-

length is converted to chemical or thermal energy or is 

reemitted at another wavelength by fluorescence or other 

inelastic processes.
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Rather than being absorbed, the radiant power may be 

scattered, i.e., the direction of propagation (elastic scatter-

ing) and or wavelength (inelastic scattering) may change 

through interaction with the water. The volume scattering 

function (VSF) is the fraction of incident power scattered 

into a unit solid angle centered on direction (ψ, α) per unit 

distance traveled. Here ψ is the polar scattering angle mea-

sured from zero in the direction of the unscattered beam, and 

α is the azimuthal angle of the scattering. If ΔΦs is the power 

scattered into solid angle ΔΩ as the light travels distance Δr, 

then the VSF is conceptually defined as
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with units of m−1 sr−1. For unpolarized light and isotropic 

media, as assumed here, scattering depends only on ψ.
Equations 7.5 and 7.6 are the definitions of these IOPs. 

Actual instruments of course have finite path lengths and solid 

angles. Moreover, the actual measurement of a and β are com-

plicated by the fact that both absorption and scattering are 

always present, often in roughly equal amounts, in any water 

body. Thus, an instrument measuring the absorption coefficient 

must be corrected for losses from the incident beam due to scat-

tering, which would otherwise appear as increased absorption. 

Likewise, a measurement of scattering must be corrected for 

absorption losses from the incident beam. A vicious circle thus 

results, which is the bane of IOP measurements in natural 

waters with both absorbing and scattering constituents.

IOPs are additive. That is, the total a and β are the sums of 

contributions by pure water, phytoplankton, mineral particles, 

dissolved substances, air bubbles, etc. This allows a and β for 

various water constituents to be measured or modeled sepa-

rately. There are many such biogeochemical models for a and 

β for specific kinds of particles and dissolved substances. These 

models often parameterize the IOPs in terms of more easily 

measured quantities, e.g., absorption by phytoplankton is often 

modeled as a function of the chlorophyll concentration.

Just as for radiance, the angular scattering information 

contained in the VSF provides more information than is nec-

essary for photobiological applications (although it is crucial 

for other applications such as remote sensing and visibility). 

The scattering coefficient b gives a measure of the total 

amount of scattering, without regard for the direction of the 

scattered radiance, and is obtained by integrating the VSF 

over all scattering directions (ψ, a ):
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b has units of m−1. The 2π in the last term results from the 

assumption that the scattering is azimuthally symmetric so 

that the VSF is independent of α. The scattering phase func-

tion b y( )  is the VSF normalized by the total scattering 

coefficient:
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which has units of sr−1. The phase function thus shows the 

angular shape of the VSF without regard to the magnitude of 

the scattering.

The total loss of power from a collimated beam owing to 

both absorption and scattering out of the beam is given by 

the beam attenuation coefficient, c = a + b. The backscatter 

coefficient bb is given by the VSF integrated over all scatter-

ing directions greater than 90°, i.e., over π/2 to π in Eq. 7.7. 

The ratio of bb/a is a fundamental parameter for predicting 

how much radiance incident onto the sea surface is scattered 

back upward and returned to the sky without being absorbed. 

That water-leaving radiance is sunlight that has been trans-

formed by interaction with the water column and thus carries 

information about the biogeochemical state of the water 

body. The backscatter fraction bb/b is sensitive to particle 

size and index of refraction and thus carries information 

about the type of scattering particles in the water.

Case 1 waters are those in which the IOPs are deter-

mined predominately by phytoplankton and their covary-

ing derivatives (detritus from dead cells and colored 

dissolved organic matter (CDOM) released by the cells). 

In such waters, absorption and scattering are correlated 

and can be parameterized by the chlorophyll concentration 

(albeit with large variability owing to phytoplankton phys-

iological state and cell size for a given chlorophyll value). 

However, in general, absorption and scattering are uncor-

related and cannot be modeled by chlorophyll concentra-

tion alone. Consider, for example, coastal water containing 

high concentrations of CDOM from land runoff or sand 

from resuspended sediment. CDOM is strongly absorbing 

but almost nonscattering, whereas quartz sand is highly 

scattering but almost nonabsorbing. Such waters are called 

case 2. Both absorption and scattering are equally impor-

tant in understanding underwater light, and both must be 

measured.

Figure 7.1 shows the range of absorption and scattering 

coefficients as a function of chlorophyll concentration in 

case 1 water according to the bio-optical models of Bricaud 

et al. (1998) for a(λ) and Morel et al. (2002) for b(λ). The left 

panel shows that the absorption coefficient varies by over 

two orders of magnitude at blue wavelengths over the range 

of the clearest ocean water (Chl = 0.01 mg m−3) to extreme 

bloom conditions (Chl = 100 mg m−3). The right panel shows 

that the scattering coefficient varies by five orders of magni-

tude for the same range of chlorophyll values. The actual 
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variability in both magnitude and spectral shape is much 

greater because of contributions by CDOM, mineral parti-

cles, microbubbles, and other water components that are 

often present in natural waters.

Variability in VSFs is just as great. The left panel of 

Fig. 7.2 shows three VSFs measured (Petzold 1972) at 

514 nm (with an instrument with a 75 nm bandwidth) in 

clear Bahamas water, coastal California, USA, water, and 

the turbid harbor at San Diego, California, USA. There is 

a factor of 60 difference in the magnitudes of the clear 

 versus turbid VSFs at small scattering angles, and each 

VSF has over five orders of magnitude difference between 

scattering angles of 0.1° and 180°. The corresponding total 

scattering coefficients vary by a factor of 50. The bottom 

curve of that figure shows the VSF for pure seawater. It is 

negligible in magnitude compared to the other VSFs, 

except at backscatter directions for the clearest ocean 

water. Backscatter by pure water becomes a significant 

part of the total backscatter in very clear waters. 

The solid lines in the right panel of Fig. 7.2 show three phase 

functions b (λ, 530 nm) measured in coastal New Jersey, USA, 

surface waters. These measurements were made within 1 day 

and a few kilometers of each other. Nevertheless, these phase 

functions differ by almost an order of magnitude in backscatter 

directions (ψ >90°), and their backscatter fractions bb/b vary by 

a factor of seven, from 0.42 % to almost 3 %. The dashed line in 

this panel shows the phase function for the Petzold San Diego 

harbor VSF, and the dotted line is the phase function for pure 

seawater. Pure seawater scatters symmetrically about ψ = 90° 

and thus has a backscatter fraction of 0.5.

7.4 Apparent Optical Properties

As noted, the radiance distribution tells us everything there 

is to know about light, and the total IOPs a(z, λ) and b(ψ, z, 
λ) tell us everything about the optical properties of a water 

body. The behavior of radiance in a water body can be accu-

Fig. 7.1 Modeled variability of 

absorption and scattering 

coefficients in case 1 water as a 

function of chlorophyll 

concentration. The curves in each 

panel from bottom to top are for 

pure water, Chl = 0.01, 0.1, 1, 10, 

and 100 mg m−3
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rately predicted by solving the radiative transfer equation 

(RTE), which expresses conservation of energy in terms of 

radiance. The inputs to the RTE are the total IOPs through-

out the medium, the external radiance incident onto the 

water surface, the surface wave state (usually parameterized 

by the wind speed), and, for finitely deep water, the depth 

and reflectance of the bottom. The RTE is a very compli-

cated integrodifferential equation and must be solved 

numerically. There are many techniques to do this (Mobley 

et al. 1993), and commercial software is available and 

widely used for solving the RTE in the aquatic setting (by 

the author and is a commercial product of Sequoia Scientific, 

Inc.; www.hydrolight.info). The RTE, hence light propaga-

tion in the ocean, depends only on the total IOPs. In other 

words, a photon only cares whether it is absorbed or scat-

tered; what type of molecule does the absorption or scatter-

ing is irrelevant to the prediction of light propagation. 

Biologists, on the other hand, do care how much light is 

absorbed or scattered by each water column constituent; 

e.g., light absorbed by a mineral particle or water molecule 

is not available to be absorbed by a phytoplankton and 

thereby lead to photosynthesis.

However, as also noted, radiance and IOPs are difficult to 

measure and in many cases contain more information than is 

needed. This leads us to search for easily made optical mea-

surements that can tell us something about the biogeochem-

ical state of a water body, but without the need to measure 

the full radiance distribution or set of IOPs. Apparent opti-

cal properties (AOPs) satisfy this need. An ideal AOP 

depends strongly on the absorbing and scattering properties 

of the water body (i.e., on its biogeochemical state) but only 

weakly on external environmental conditions such as the 

incident solar radiance or surface wave state. Note that irra-

diance, for example, is not an AOP. It does depend on the 

water properties, but it is very sensitive to the external envi-

ronment. For example, if the sun goes behind a cloud, the 

irradiance can change by an order of magnitude within sec-

onds, even though the water body remains unchanged. An 

irradiance measurement thus tells us little about the water 

body itself.

AOPs are usually either ratios or normalized depth 

derivatives of radiometric variables. One of the most 

important AOPs is the remote-sensing reflectance, 

Rrs(λ) = Lw(air, λ)/Ed(air, λ) with units of sr−1. Lw(air, λ) is 

the water-leaving radiance measured in air just above the 

sea surface, and Ed(air, λ) is the incident sky and solar 

 irradiance. Lw depends on the water properties because it is 

radiance that has passed into the water column, there to be 

modified by the water IOPs, and then been scattered back 

to the atmosphere. Its magnitude is sensitive to the exter-

nal environment. However, the normalization of Lw by 

Ed(air, λ) largely removes the effects of the external envi-

ronment. For example, if Ed decreases by some factor 

when the sky goes from clear to cloudy, so does the radi-

ance within the water body; hence, Lw decreases by the 

same factor, and the ratio Lw/Ed remains unchanged except 

for a small difference due to the different angular distribu-

tions of the incident radiance for the cloudy versus clear 

sky. Figure 7.3 illustrates the dependence of Rrs on water 

and sky conditions. The HydroLight radiative transfer 

code was used to solve the RTE using IOPs that were 

parameterized by chlorophyll and mineral particle concen-

trations for homogeneous water. Rrs was obtained from the 

computed radiance distribution L(z, θ, ϕ, λ) using the defi-

nitions above. Four sets of IOPs were used: Chl = 0.1, 1, 

and 10 mg m−3 with no mineral particles and Chl = 1 mg m−3 

with an additional 1 g mm−3 of red clay mineral particles. 

Three sky conditions were used: the sun at zenith angles of 

0° and 50° in a clear sky and a heavily overcast sky. The 

figure shows that the Rrs spectra group nicely by water 

IOPs, with only a small variability caused by the sky con-

dition. Rrs is thus a good AOP. Indeed, it is the basis for 

most satellite ocean color remote sensing, which has revo-

lutionized our understanding of the oceans over the last 

half century.

Another reflectance AOP is the irradiance reflectance 

R = Eu/Ed. Rrs is less sensitive to sky conditions than is R and 

has thus replaced it as the reflectance most commonly used 

in remote sensing. R does, however, have the virtue of being 

measurable by just one instrument: the same cosine detector 

is used facing downward and then upward to measure Eu and 

Ed, respectively, which minimizes instrument calibration 

problems. Indeed, it is not even necessary that the plane irra-

diance sensor be calibrated to energy units; any multiplica-

tive calibration factor cancels out.

Diffuse attenuation functions comprise another family of 

AOPs. These AOPs are normalized depth derivatives of 

radiometric variables. The diffuse attenuation function for 

downwelling plane irradiance Ed is defined by

Fig. 7.3 Modeled example dependence of remote-sensing reflectance 

Rrs on water properties and sky conditions
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with units of m−1. As with R, multiplicative factors on Ed 

resulting either from environmental changes or instrument 

calibration cancel. There is a K function for any radiometric 

variable; Kd, Ko, KLu, and KPAR are the most commonly used. 

Lu(z, λ) is the underwater radiance traveling toward the 

zenith. Equation 7.9 can be rewritten as
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Here Ed(0, λ) is the irradiance just below the air-water sur-

face. If Kd can be measured or modeled, Ed can be com-

puted for a given surface irradiance value without solving 

the RTE. Similar equations hold for other K functions.

Near the sea surface, K functions depend on depth even in 

homogeneous water. This is because the angular distribution 

of the radiance distribution changes with depth as scattering 

redistributes the directional pattern of the incident sky radi-

ance after it enters the water. However, in homogeneous water 

all K functions for a given set of IOPs approach a common 

value at great depth. This asymptotic K value, K∞, is deter-

mined only by the IOPs. Other AOPs also approach asymp-

totic values and become IOPs at great depth. The asymptotic 

values can be computed from radiative transfer theory, given 

the IOPs. The rate at which AOPs approach their asymptotic 

values depends on the relative amount of absorption and scat-

tering in the water. Higher scattering redistributes the angular 

pattern of the radiance quicker, so AOPs become asymptotic 

at shallower depths in highly scattering water than in highly 

absorbing water. These behaviors are illustrated in Fig. 7.4. 

HydroLight was again used to compute underwater radiances, 

from which Kd, KLu, and Ko were computed from their defini-

tions. The simulations used IOPs for case 1 water with chlo-

rophyll concentrations of Chl = 1 and 5 mg m−3 and clear sky 

conditions with solar zenith angles of 0° and 60°. For given 

IOP and sky conditions, the three K functions have different 

values near the sea surface, but they approach a common K∞ 

value at depth. For a given chlorophyll value, the K functions 

near the surface depend on the sky condition. The K functions 

for the two different chlorophyll values separate at depth and 

become independent of sky condition. Note that the functions 

for the Chl = 5 mg m−3 approach their asymptotic value at a 

shallower depth than the curves for Chl = 1. This is because 

the higher scattering for the higher chlorophyll water redis-

tributes the angular pattern of the radiance distribution more 

quickly with depth.

IOPs do not depend on the ambient radiance and therefore 

can be measured on water samples. AOPs on the other hand 

do depend on the radiance and therefore must be measured in 

situ.

7.5 Variability of Underwater Irradiance

Natural waters vary enormously in composition. The clearest 

ocean or lake waters may have phytoplankton chlorophyll 

concentrations as low as 0.01 mg m−3. At the other extreme, 

highly eutrophic lakes can have chlorophyll concentrations 

over 1,000 mg m−3. Typical oceanic chlorophyll values are in 

the 0.1–10 range, with 0.5 being a rough global average. 

Water can contain almost no mineral particles, or a river can 

carry sediment loads of over 1 kg m−3. Mineral particles can 

be highly absorbing, especially at blue wavelengths, or non-

absorbing quartz or calcite particles. Scattering is strongly 

affected by the particle size distribution for a given type of 

particle. (As an analogy, think of the low visibility resulting 

from scattering by many small fog droplets versus much bet-

ter visibility through fewer large rain drops, even though the 

water mass per cubic meter is the same.) The same variabil-

ity holds for dissolved substances, not to mention pollutants. 

These wide ranges of water constituent types and 

 concentrations produce an equally wide range in the magni-

tudes and spectral shapes underwater light fields.

Figure 7.5 shows HydroLight-computed examples of spec-

tral scalar irradiance Eo(z, λ) in quantum units in case 1 water 

for chlorophyll values of 0.01, 1, and 100 mg m−3. Note that 

the wavelength of maximum light penetration shifts from deep 

blue at Chl = 0.01 to green at Chl = 1 to yellow at Chl = 100. 

Fig. 7.4 Example dependence of diffuse attenuation functions at 

555 nm on water and sky conditions. For each chlorophyll value, 

the three curves to the left near the surface are for the sun at the 

zenith, and the curves to the right are for a sun zenith angle of 60°. 
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This wavelength dependence allows different species of phy-

toplankton, which have different pigment suites, to have a 

competitive advantage in different types of water. For this rea-

son, the latest generation of ocean ecosystem models (Bissett 

et al. 1999) uses spectral irradiance rather than PAR to drive 

primary production calculations. The lower right panel of 

Fig. 7.5 shows the PAR values corresponding to the chloro-

phyll values of the other panels; dotted lines are for intermedi-

ate chlorophyll values. A rough rule of thumb says that 

photosynthesis can occur to PAR values as low as 1 μmol pho-

tons m−2 s−1. This rule and these simulations indicate that pho-

tosynthesis occurs as deep as several hundred meters in the 

clearest water, but to only a few meters in very eutrophic 

water. The values in this figure were computed for the sun at a 

solar zenith angle of 50° in a clear sky; the values scale almost 

directly with changes in incident irradiance onto the sea sur-

face for different sky conditions.

The simulations and data shown above only hint at the 

nature and variability of underwater light fields. The variety 

of water constituents is almost endless. Different species of 

phytoplankton have much different absorbing and scattering 

properties, which depend in complicated ways on the plank-

ton light history and nutrient availability and thus show large 

variability even for the same species. The same holds for dif-

ferent types of mineral particles and dissolved substances. 

The types and concentrations of these components are often 

uncorrelated and vary widely with geographic location, time, 

and depth. The end result is that the underwater optical envi-

ronment can be almost anything from the clearest of waters 

in which light penetrates hundreds of meters to almost 

opaque waters that become dark less than a meter below the 

surface. These differences in light environments are reflected 

in the much different biological communities in the world’s 

waters.

Fig. 7.5 Computed examples of spectral scalar irradiance E0 in quan-

tum units for chlorophyll values of 0.01, 1, and 100 mg m−3. The num-

bers to the right of these plots show the depth in meters of the plotted 

spectra. The solid lines in the lower right panel shows the correspond-

ing PAR values (computed from 400 to 700 nm); the dashed lines are 

for Chl = 0.1 and 10 mg m−3
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8.1             Introduction 

 Action spectroscopy is a method for fi nding out what the ini-
tial step is in a photobiological or photochemical process. 
More exactly, the method serves to identify the kind of mol-
ecule absorbing the active light. 

 The basic principle of the method is the following: The 
more light that is absorbed, the greater its effect on the mate-
rial systems under study. By comparing the effects of light 
having different wavelengths, a measure is obtained of the 
relative absorption at different wavelengths by the molecule 
directly affected by the light. This can then be compared to 
absorption spectra of various compounds. If everything 
works out, one can identify the compound absorbing the 
active light in the photoprocess under study. 

 A hypothetical example: molecule A, which is present in 
an organism, has the absorption spectrum shown in Fig.  8.1 . 
Absorption of light by A causes a certain effect, say forma-
tion of anthocyanin in a plant. If a certain anthocyanin syn-
thesis is obtained by irradiating for  t  minutes with  N  photons 
per m 2  and second of wavelength  λ  1  (or  λ  3 ), it ought to suffi ce 
with half as many photons of wavelength  λ  2 , since such light 
is absorbed twice as strongly. Or, conversely: if it is experi-
mentally found that the two lights have the action described, 
this is an indication that molecule A is mediating the light 
effect. With only two wavelengths investigated, the conclu-
sion is still very uncertain. If the agreement between effi -
ciency of the light and the absorptive power of A is extended 
over a wider spectral region, the conclusion will be more 
fi rmly founded.  

 Figure  8.2  shows the result of a fi ctive experiment  involving 
the pigment with the absorption spectrum in Fig.  8.1 . 

The effect of various exposures to light of wavelengths  l  1  and 
 l  2  has been measured. The effect of the irradiation is plotted 
along the vertical axis versus some quantifi cation of light on 
the horizontal axis (this can be either photon fl uence or pho-
ton fl uence rate or photon irradiance, depending on what is 
being studied).  

 Note that if we compare the effects of a certain amount of 
light or certain irradiance (such as that indicated by 1 or 2 in 
Fig.  8.2 ) for the two wavelengths, these effects do not (except 
in very special cases) have the same ratio (2) as the corre-
sponding absorption coeffi cients in Fig.  8.1 . Thus, we cannot 
construct an action spectrum just by comparing effects of a 
fi xed exposure or irradiance. We must construct curves such 
as those in Fig.  8.2 , so we can see how much light is needed 
for a specifi c effect to follow, which we choose as standard 
action. 

 The rest of this chapter will be more historical in charac-
ter than other chapters. My experience is that action spec-
troscopy is better understood by studying several real 
examples of its use than theory alone. In addition, the papers 
cited here include some that can stand as good examples for 
young scientists. In some cases they refl ect real scientifi c 
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ingenuity, and despite the rapid development of science, they 
have withstood the ravages of time remarkably well.  

8.2     The Oldest History: Investigation 
of Photosynthesis by Means of Action 
Spectroscopy 

 Action spectroscopy may have its roots in Young’s and von 
Helmholtz’s theories about color vision. The fi rst one, to my 
knowledge, to directly use action spectroscopy was T. W. 
Engelmann ( 1882a ,  b ,  1884 ). He projected, under the micro-
scope, spectra onto different algae and assayed the amounts 
of oxygen formed as a consequence of photosynthesis taking 
place in the algae. He estimated the relative amounts of oxy-
gen by watching the accumulation of oxygen-loving (aero-
tactic) bacteria (Fig.  8.3 ).  

 Engelmann compared the oxygen-forming effi ciency of 
different lights by reducing the light until the swimming 
movements of the algae stopped due to oxygen defi ciency. In 
this way he could ascertain that in green algae it is chloro-
phyll that absorbs the light active in photosynthesis, while 
other pigments also participate in other kinds of algae. 
Figure  8.4  shows some of his comparisons between absorp-
tion spectra and action spectra. The chlorophyll present in 
red algae (as evident from their absorption spectra) does not 
show up in the action spectrum for their oxygen production. 
The cause of this surprising fact was not revealed until after 
World War II when Duysens, Emerson, and others  discovered 

that two different photochemical systems cooperate in plant 
photosynthesis.  

 In addition to being an important step in the develop-
ment of action spectroscopy and also in the history of 
photosynthesis research, Engelmann’s experiments are 
important as early examples of a very sensitive “bioassay” 
of a chemical compound. The method of measuring oxy-
gen by means of bacteria was so unconventional and the 
stated sensitivity in relation to other methods available at 
the time so remarkable that Engelmann was challenging 
the scientifi c authorities of his time. The algologist 
Pringsheim ( 1886 ) in Berlin as well as the Russian photo-
synthesis expert Timiriazeff ( 1885 ) found reason to criti-
cize him using very harsh words. 

 Engelmann drew the correct conclusion that, in addition 
to chlorophyll, other pigments (colored substances) are able 
to absorb light and make it available to the photosynthesis 
process. He also understood (Engelmann  1882b ) that there 
are other pigments in plant cells, which do not participate in 
photosynthesis but, on the contrary, “shadow” or “screen” 
the photosynthetically active pigments. 

 Engelmann’s student Gaudikov studied chromatic adapta-
tion (a designation in today’s language, more consistent with 
the usual meanings of adaptation and acclimation, would be 
chromatic acclimation) in red algae and cyanobacteria, i.e. 
their acclimation to light of different colors. However, action 
spectra for this process were not determined until the 1960s 
by the Japanese Fujita and Hattori ( 1962 ) and in the 1970s, 
with greater precision, by the Americans J. Scheibe, 
S. Diakoff, and T. C. Vogelmann (see Diakoff and Scheibe 
 1973 ; Vogelmann and Scheibe  1978 ). 

A
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  Fig. 8.2    The effect of different exposures of a sample (same system as 
in Fig.  8.1 ) on light of wavelengths  λ  1  and  λ  2 . The effect or action of the 
light is plotted on the  vertical axis . We compare in particular how much 
light is needed to achieve a certain action, which we choose as a stan-
dard action. We can see that twice as much is needed at wavelength  λ  1  
as at  λ  2 . From this we can deduce that light of wavelength  λ  1  is absorbed 
by the active pigment only half as effi ciently as light of wavelength  λ  2        

a B C D E b F

  Fig. 8.3    A piece of a fi lamentous green alga ( Cladophora , of which 
two whole cells and parts of two more cells are seen) with swimming 
bacteria in the sunlight spectrum projected in a microscope. The letters 
indicate the Fraunhofer lines in the solar spectrum, which are used for 
wavelength calibration:  a  = 718 nm,  B  = 687 nm,  C  = 656 nm,  D  = 
589 nm,  E  = 527 nm,  b  = 518 nm,  F  = 486 nm. The accumulation of 
bacteria is greatest in the red region around 680 nm and in the blue 
region below 486 nm. These regions correspond to the main absorption 
bands of chlorophyll (From Engelmann ( 1882a ))       
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  Fig. 8.4    Absorption spectra for algal cells (percent of incident light not 
penetrating the cells,  thin lines ) and action spectra for photosynthesis 
( thick lines ). The high effi ciency of light around 520 nm for photosyn-
thesis by brown algae is due to light capture by the carotenoid fucoxan-

thin, the high effi ciency around 620 nm in blue green algae to light 
capture by phycocyanin, and the high activity around 560 nm in red 
algae to light capture by phycoerythrin (From Engelmann ( 1884 ))       

 As for action spectra of photosynthesis, a few investiga-
tions were carried out during the intervening years, but real 
progress beyond Engelmann’s results did not take place until 
the 1940s. For details of this development, the reader is 
referred to Haxo ( 1960 ). An early attempt was made also by 
Levring ( 1947 ) in Sweden to determine action spectra for 
photosynthesis in various algae, but he used wide spectral 
regions isolated with fi lters. 

 In this connection it is interesting to see how different 
scientists emphasized different aspects: Engelmann dis-
cussed in detail his method, spectral bandwidth, but lumped 
the algae together under the headings “green cells,” “red 
cells,” etc. Levring was less critical with regard to method 
but careful to state the species used and published separate 
spectra for closely related species. 

 It was above all the spectra measured by the Americans 
Haxo and Blinks ( 1950 ) by a polarographic method for 

 oxygen measurement that was to yield results valid to this 
day (Fig.  8.5 ). Because of them, it became possible to do 
very careful comparisons between action spectra for photo-
synthesis and absorption spectra for various pigments in 
plants. Per Halldal brought this method to Sweden and 
improved it further (see Björn et al.  2007 ).   

8.3     Investigation of Respiration Using 
Action Spectroscopy 

 The great Otto Warburg and his constant coworker Erwin 
Negelein (who, by the way, also determined action spectra 
for photosynthesis) over many years studied how the respira-
tion of yeast cells is inhibited by carbon monoxide and how 
this inhibition can be removed by light (Fig.  8.6 ). They 
developed action spectroscopy to an accurate quantitative 
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method. As explicitly stated in one of their many papers, 
although they carried out the experiments together, it was 
Warburg who was the ingenious theoretician.  

 Their investigation led to the conclusion that the 
 Atmungsferment  (which we now call cytochrome  c  oxidase) 
is a protein to which iron-containing heme is bound and that 
the inactive complex formed with carbon monoxide is dis-
sociated by light. The conclusion rests on the observation 
that the action spectrum for removing the inhibition of respi-
ration by carbon monoxide agrees very well with the absorp-
tion spectrum for a complex between carbon monoxide and 
heme (Fig.  8.7 ). There is only a small shift in wavelength, 
which is explained by the binding to protein.   

8.4     The DNA That Was Forgotten 

 At the beginning of the last century, Hertel ( 1905 ) in Jena 
had begun to study how microorganisms are affected by 
ultraviolet radiation. He managed to isolate nine different 
spectral lines from 210 to 558 nm and quantify the radia-
tion using a thermopile. Considering the time, this was no 
small feat. Unfortunately, the evaluation of the biological 
effect was only semiquantitative. For constructing action 
spectra, he determined the irradiance that gave a just notice-
able effect on the organism observable under the micro-
scope. This effect could be stimulation of movement in 
 Paramecium  or contraction in rotifers. Unfortunately, he 
had no spectral line between 232 and 280 nm, and he there-
fore missed that region, which would later prove to be par-
ticularly interesting. Hertel’s action spectra for ultraviolet 

damage to microorganisms are shown in Fig.  8.8 . His 
experiments gave rise to a long-lived opinion that the dele-
terious action of ultraviolet radiation rises at an even rate 
toward shorter wavelength.  

 In the late 1920s, however, Gates ( 1928 ,  1930 ) found that 
the ability of ultraviolet radiation to kill bacteria varies with 
wavelength in the same way as does the ability of nucleic 
acid to absorb radiation (Fig.  8.9 ). This was the fi rst indica-
tion of the fundamental importance of nucleic acid to life and 
a key experiment at the entrance to molecular biology.  

 At the same time as Gates’ fi rst report, another one was 
published, which was also on the road leading to the great 
revolution—Griffi th’s ( 1928 ) discovery of bacterial transfor-
mation. But it was not until after 1944 that the biological role 
of DNA became generally accepted by the demonstration of 
bacterial transformation by DNA (Avery et al.  1944 ). 

 One may wonder why Gates’ experiments did not lead to 
a quicker development of DNA research. His work was in 
no way inferior to the transformation work. Perhaps an 
important reason was his way of publishing. In his fi rst 
paper ( 1928 ) he does not show any convincing data. Despite 
this he clearly spelled out (although as we may think in ret-
rospect, in a very cautious way) what was later proven to be 
essentially correct: “The close reciprocal correspondence 
between the curves of absorption of ultraviolet energy by 
these nuclear derivatives not only promotes the possibility 
that a single reaction is involved in the lethal action of ultra-
violet light, but has a wider signifi cance in pointing to these 

Porphyra nereoc

400
0

100

500
Wavelength

nm600 700

O
xy

ge
n,

 r
el

at
iv

e
O

r 
%

 a
bs

or
pt

io
n

Thallus abs

Action spect
Phycoeryrhr
absorption

  Fig. 8.5    The action spectrum for photosynthetic oxygen production in 
the red alga  Porphyra nereocystis  compared to the absorption spectrum 
of the same alga (Thallus abs.) and to the absorption spectrum of 
extracted phycoerythrin (From Haxo and Blinks ( 1950 ))       
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  Fig. 8.6    The effect of light on oxygen uptake (respiration,  vertical 
axis ) in yeast in an atmosphere of 95 % nitrogen and 5 % oxygen 
( straight line ) and in a mixture of 95 % carbon monoxide and 5 % oxy-
gen. The horizontal coordinate is time, with alternating light and dark 
periods (From Warburg ( 1926 ))       
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  Fig. 8.7    Comparison between the 
absorption spectrum for heme and 
the action spectrum for release 
from CO inhibition of yeast 
respiration (From Warburg and 
Negelein ( 1929b ); see also 
Warburg and Negelein ( 1929a ))       
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  Fig. 8.9    Action spectrum for 
“killing” (inactivation of cell 
division) in the bacterium 
 Staphylococcus aureus . The graph 
is similar to the absorption 
spectrum for DNA (Redrawn after 
Gates ( 1930 ))       

substances as essential elements in growth and reproduc-
tion.” After discussing some experiments done by others, 
which strengthened his views, he wrote: “Thus, while the 
relation of thymonucleic acid [i.e., DNA] to cell growth and 
reproduction remains a matter of conjecture, nevertheless 
the high concentration in the thymus gland and the coinci-
dence of the evidence from these three independent series of 
experiments seem worthy of note, without further comment 
at present.” 

 In the next paper Gates ( 1929 ) includes data for a bacte-
rium, but the diagram is not drawn in such a way that it is 
easy to see the similarity to the DNA absorption spectrum, 
and DNA is mentioned neither in the discussion nor in the 
summary. In one more paper from 1930, the deleterious 
action of ultraviolet radiation is treated from another point of 
view. In one of his last publications, from 1931, Gates com-
pares the action spectra for two bacterial species to the 
absorption spectra of the bacteria. About the critical 
 substance, the destruction of which causes the death of the 
bacterial cells, Gates writes: “An examination of the evi-
dence for its concentration in the cell nucleus, and the further 
search for evidence of its chemical character are reserved for 
the fi nal paper of this series.” Gates never got the opportunity 
to publish this fi nal paper. He died on June 17, 1933. 

Although one paper was published posthumously, his fol-
lowers obviously did not consider his ideas about DNA 
important, or even correct. 

 Contributing reasons to the fact that Gates’ ideas never 
got the attention that their importance deserved were (1) that 
he was wrongly cited by later scientists (Hollaender and 
Claus  1936 ; e.g., “the maximum at 2499 A as reported by 
Gates”); (2), later scientists like Giese and Leighton ( 1935 ) 
went over to studying phenomena, e.g., swimming move-
ments in  Paramecium , which were very protein-dependent. 
Action spectra for such processes have maxima around 
280 nm. This diverted the interest from nucleic acids to 
protein.  

8.5     Plant Vision 

 One of the greatest triumphs of biological action spectros-
copy is the discovery of the “vision pigment” of plants—
phytochrome. However, at this point of the story, action 
spectroscopy is getting more complicated. 

 When the phytochrome saga opened, it was known that 
some effects of red light on plants could be canceled by 
exposing the plants to far-red light after the red. For instance, 
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some lettuce seeds do not germinate unless they are exposed 
to light after they have been allowed to take up water. Red 
light was found to be most effi cient for this effect. 
Germination could be prevented by exposing the seeds to 
far-red light (720–740 nm) after the red. 

 Another example of red/far-red antagonism was the mode 
of growth of bean seedlings developing in darkness 
(Fig.  8.10 ). The tip of such a seedling is curved to a “plumu-
lar hook,” but if the seedling receives just a minute of red 
light, the hook straightens out during subsequent growth 
(Fig.  8.10 ). Withrow et al. ( 1957 ) tackled the problem of 
quantifying the straightening effect of different kinds of 
light. For each of various fl uences of light of different wave-
lengths, they measured by how many degrees the hooks of 
the bean plants were straightened out (Fig.  8.11 ).   

 They also quantifi ed how effi cient different kinds of lights 
were in counteracting the straightening effect of a previously 
administered saturating fl uence of red light (Fig.  8.12 ). Based 
on the results, they were able to postulate the existence of a 
light-sensitive growth regulator, phytochrome. Phytochrome 
is formed in the plant in an inactive form (called  P  r ), which is 
transformable into the active form ( P  fr ) by red light.  

 The spectral curves that were obtained for the “straighten-
ing” and “bending” effects (Fig.  8.13 ) were postulated to 
correspond to absorption spectra for  P  r  and  P  fr , respectively. 
It would never have been possible to isolate the phytochrome 
had not its “spectral signature” been determined beforehand 
in this way.   

 In Figs.  8.10  and  8.12 , the lines for different wavelengths 
are not parallel. This means that the shape of the action spec-

tra that are constructed from these lines will depend on the 
chosen level of action. That the curves are not parallel has to 
do with the fact that two photochemical reactions are involved 
to varying extents in all cases, i.e., the transformation of  P  r  to 
 P  fr  and the transformation of  P  fr  to  P  r . The “most correct” 
shapes, i.e., those most closely corresponding to the absorp-
tion spectra of  P  r  and  P  fr  (Fig.  8.15 ), are obtained by investi-

  Fig. 8.10     Left : Bean plants grown ( 1 ) in white light, ( 2 ) in darkness 
except for a few minutes of red light every day, and ( 3 ) in darkness 
except for a few minutes of far-red light every day       
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gating the effects of very small fl uences, resulting in small 
effects. Thus one has to fi nd an appropriate compromise 
between this and the diffi culty in measuring small effects 
accurately. In Fig.  8.14  a suitable level for recovering the 
action spectrum for  P  r  == >  P  fr  could be  P  fr /( P  r  +  P  fr ) = 0.1.  

 Let us see if we can make sense more in detail of the 
shapes and slopes of the graphs in Fig.  8.11 . Consider the 

photoreversible system  P  r  <==> P  fr . It is now known that  P  fr  
is the active form of phytochrome. Let us assume that moni-
tored reaction (the straightening of the hook) is proportional 
to the amount of  P  fr . This amount should be the difference 
between what is formed in the forward reaction  P  r  ==> P  fr  
and that consumed in the back reaction  P  r  <== P  fr . The rate 
for each reaction is proportional to the product of fl uence 
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  Fig. 8.12    Inactivation of red-induced hook straightening in bean plants 
by light of different wavelength as a function of fl uence. In this case, a 
linear fl uence scale was found to give better linearity of regression than 

the logarithmic scale in the previous graph (Redrawn from Withrow 
et al. ( 1957 ))       
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rate and conversion cross section (the latter being the product 
of the absorption cross section and the quantum yield). So 
the net forward rate is d P  fr /d t  =  I  × ( P  r  ×  σ  r  −  P  fr  ×  σ  fr ) =  I  × (( P  t  −  
P  fr ) ×  σ  r  −  P  fr  ×  σ  fr ) =  I  × ( P  t  ×  σ  r  −  P  fr  × ( σ  r  +  σ  fr )). Here the sig-
mas stand for the conversion cross sections, the  P  for phyto-
chrome concentration, r and fr for the red- and 
far-red- absorbing forms, and  P  t  for total phytochrome. We 
may for simplicity put  P  t  = 1 and express the other concen-
trations as fractions of this, which gives the simple form

 
dP dt I P Pfr t r fr r fr/ .= × × − × +( )( )s s s

  

  In integrated form this becomes

 
s s s s s sr r fr fr r r fr− +( )× = × − +( )× ×( )P I texp .    

or

 
P I tfr r fr fr r= − − +( )× ×⎡⎣ ⎤⎦{ } +( )1 1exp / / .s s s s

  

  In Fig.  8.14  we have plotted  P  fr  according to this expres-
sion as a function of log( I  ×  t ), i.e., log (fl uence). 

 The complications of this light-sensitive system are well 
demonstrated by the action spectrum determined by 
Hartmann ( 1967 ) for the inhibiting effect of prolonged and 
relatively strong illumination on the extension growth of let-

tuce hypocotyls (Fig.  8.16 ). At fi rst glance it does not seem 
to have anything to do with the shapes of the absorption 
spectra of the two phytochrome forms. But Hartmann 
showed that this phenomenon could be explained by phyto-
chrome being the mediator of the light action. However, in 
this case one has to take into account not only the photo-
chemical reactions, but also the fact that the physiologically 
active form of  phytochrome,  P  fr , is unstable and disappears if 
there is no  P  r  present from which  P  fr  can be continually 
reformed. It is for this reason that light gives the greatest 
physiological effect, which causes only a small part of the 
phytochrome to be continuously converted to  P  fr . Light of 
longer wavelength has no effect because too little  P  fr  is 
formed. Light of too short a wavelength has no effect because 
 P  fr  is formed too quickly, and all phytochrome disappears 
before it can act for a suffi cient amount of time. The inhibi-
tion of the growth of the lettuce hypocotyls is an example of 
a so-called high-intensity reaction (HIR).   

8.6     Protochlorophyllide Photoreduction 
to Chlorophyllide  a  

 The present author and many other researchers have stud-
ied the action spectra for synthesis of chlorophyll and 
formation of chlorophyll. Important early contributions 
were made by J. H. C. Smith at the Carnegie Institution, 
T. N. Godnev and A. A. Shlyk in Belorussia, and H. Virgin 

0.9
420 nm

460 nm

578 nm

660 nm

700 nm

0.8

P
fr
/(

P
r +

 P
fr
)

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

–5 –4.5 –4 –3.5

log (fluence, moles/m2)

–3 –2.5 –2 –1.5

  Fig. 8.14    Computed fraction 
of  P  fr  out of total phytochrome       

 

8 Action Spectroscopy in Biology



94

in Sweden. Virgin’s former students have continued this 
line of research in Göteborg (see Sundqvist and 
Björn  2007 ). 

 Chlorophyll formation is governed by several light- 
sensitive processes: conversion of protochlorophyllide to 
chlorophyllide with enzyme-bound protochlorophyllide as 
the light absorber, conversion of phytochrome, and action on 
the so-called blue light receptor. 

 One specifi c question in this context was whether radia-
tion absorbed in the aromatic amino acids of the enzyme 

NADPH–protochlorophyllide photooxidoreductase would 
be able to cause the conversion of protochlorophyllide to 
chlorophyllide in the same way as does radiation absorbed in 
the protochlorophyllide itself. In Fig.  8.17  the absorption of 
the NADPH–protochlorophyllide photooxidoreductase com-
plex with its substrates NADPH and  protochlorophyllide is 
shown by the solid curve. In the visible region, the absorp-
tion is due to the protochlorophyllide. The high peak at 
280 nm, on the other hand, is due to aromatic amino acids 

  Fig. 8.15     Top : Absorption spectra of purifi ed phytochrome from oats. 
The  curve marked R  is the measured absorption of far-red irradiated 
solution, containing almost only  P  r . The  curve marked FR  is the mea-
sured absorption of red irradiated solution, containing mostly  P  fr  and 
some  P  r . The  dotted curve marked P  fr  is the estimated spectrum of pure 
 P  fr , which cannot be measured directly, since red light only partially 
converts  P  r  to  P  fr . The  top curve  is a so-called difference spectrum 
showing the difference in absorption between far-red irradiated and 
red irradiated solutions. Since only the change due to irradiation shows 
up in this, almost the same difference spectrum can be obtained from 
plant tissue (After Vierstra and Quail ( 1983a ,  b )).  Bottom :  P  fr  ( left ) and 
 P  r  ( right ) prepared from oat coleoptiles (Courtesy Gunvor Björn)       
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  Fig. 8.16    Example of action spectrum for a high-intensity phyto-
chrome reaction (HIR), the inhibition of lettuce hypocotyl longitudinal 
growth (Hartmann  1967 ). The sharp long-wavelength band is due to 
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  Fig. 8.17    The absorption spectrum of purifi ed “protochlorophyll holo-
chrome” (complex between protochlorophyllide, NADPH, and 
NADPH–protochlorophyllide photooxidoreductase) extracted from 
etiolated bean plants (Schopfer and Siegelman  1969 ) and the action 
spectrum for protochlorophyllide photoreduction to chlorophyllide  a  
(Björn  1969a ) (Redrawn from Björn ( 1969b ))       
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in the protein. The action spectrum for protochlorophyllide 
photoreduction, shown by dots, has essentially the same fea-
tures in the visible region but lacks the high peak at 280 nm. 
The conclusion is that energy absorbed in the aromatic 
amino acids cannot be used for photoreduction. There is also 
a small difference between absorption and action spectrum 
in the blue region (the so-called Soret peak of the spectra). 
This is probably because there are two fractions of proto-
chlorophyll with slightly different spectra, of which only 
one can be converted by light (there may be no reductant, 
NADPH bound to the “inactive” complexes). There is also 
some blue- absorbing carotenoid contributing to the absorp-
tion spectrum.   

8.7     Limitations of Action Spectroscopy: 
The Elusive Blue Light Receptor 

 Numerous “blue light phenomena” have been studied in 
plants and fungi: phototropism, chloroplast rearrangements, 
plastid differentiation, and nastic movements, to mention a 
few. The discussion about the possible nature of the mole-
cule absorbing the active light in these processes has cen-
tered mainly on carotenoids and fl avoproteins, because the 
action spectra are similar to absorption spectra of these com-
pounds (which are so similar to each other and so variable 
with conditions and molecular details that a conclusion on 
action spectra alone seems impossible). As described in 
Chap.   11    , it has been found that most blue light phenomena 
are mediated by fl avoproteins but that some, e.g., stomatal 
movements, may be carotenoid-mediated. Because of the 
similarity of the absorption spectra for these two groups of 
compounds, action spectroscopy has not been able to distin-
guish between them. The questions have now mostly been 
solved, mainly by methods of molecular biology. However, 
action spectroscopy, after more than a hundred years, is a 
method still in use (e.g., Ziv et al  2007 ).  

8.8     Another Use for Action Spectra 

 So far we have only discussed the use of action spectroscopy for 
identifying the molecules absorbing the light driving the various 
photoprocesses. I would like to point out one more important 
reason for determining action spectra. For this we shall go back 
to near the beginning of this chapter, to the damaging effect of 
ultraviolet radiation but look at it from another angle. 

 Over the past 35 years, there has been concern about the 
depletion of the stratospheric ozone layer (see Chap.   22    ). 
Such depletion results in increased levels of ultraviolet radia-
tion at the surface of the Earth (unless other changes in the 
atmosphere were to compensate for the depletion in 
 stratospheric ozone). Experiments have been carried out to 
forecast the biological effects of such changes in radiation. 

Ozone depletion has been simulated by exposing the organ-
isms to be studied to artifi cial ultraviolet radiation. One prob-
lem has been that the artifi cial radiation cannot be given the 
same spectral composition as the additional solar radiation 
that would leak through a depleted ozone layer. Therefore, 
weighting functions have been needed to calculate how much 
artifi cial ultraviolet radiation that has to be administered to 
simulate certain ozone depletion, and for this, one has to 
determine action spectra for different ultraviolet effects. 
Initially, one relied on ordinary, “monochromatic” action 
spectra, determined as the other spectra in this chapter. 
However, since so many different ultraviolet effects with dif-
ferent action spectra are involved, it has turned out to be 
more realistic to determine “polychromatic action spectra.” 
For this, one starts with a full spectrum and, for different 
samples, cuts away more and more of the short-wavelength 
part.     
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9.1  Introduction

The justification for a book about photobiology rests partly 

on combination of various specialities for interdisciplinary 

comparisons. One topic suitable for comparisons is “spectral 

tuning.” By this we mean the principles for how spectra of 

pigments, and factors that can modify their spectral 

responses, are adjusted to the needs of the organisms that 

produce them. A number of examples will be found in this 

chapter.

To pigments, substances that produce color by absorbing 

light of some wavelengths and reflecting or transmitting the 

rest, we must add a second class of color mechanism, struc-
tural colors. These are produced by the interaction of light with 

the detailed architecture of the material or structure on which it 

falls. We will begin with a discussion of biological pigments 

and in the next chapter move on to biological structural colors. 

We will also discuss some additional mechanisms by which 

organisms control their spectral presentation to the world.

Spectral tuning is relevant for vision (not only for color 

vision), photosynthesis, bioluminescence, flower colors, and 

adaptive coloration of animals, and especially for animals 

that move around among green plants, to increase contrast of 

edges. These processes are not independent. Flower colors 

are adapted to the vision of pollinators and as a contrast to 

photosynthetic pigments. Bioluminescence and vision have 

evolved together. Phytochrome has evolved to discriminate 

between direct daylight and light modified by chlorophyll 

absorption. The basis is the spectrum of the sun. To begin 

with, let us see what the relation is between the spectrum of 

the most important of all pigments, chlorophyll a, and the 

spectrum of the sun.

9.2  Why Are Plants Green?

Many people have discussed the spectrum of chlorophyll in 

relation to daylight. Some have come to the conclusion that 

they do not match well, as absorption “in the middle of the 

spectrum,” i.e., the green band, is weak. A common idea is 

that an ideal pigment for photosynthetic energy conversion 

ought to be either black, absorbing all available radiation, or 

absorb most efficiently at the “peak” of daylight.

But what is the “peak” wavelength for daylight? The max-

imum of the daylight spectrum depends on how we plot it. 

For the present purpose, to simplify comparisons and calcula-

tions, we may represent the daylight spectrum by that of a 

6,000 K blackbody radiator and thus apply Planck’s radiation 

law (Chap. 1). We can then calculate that if we plot the spec-

trum as energy per uniform wavelength interval, the maxi-

mum is at 480 nm. But if we instead plot it as photons per 

uniform wavelength interval, the maximum is at 600 nm, and 

if we, following the habits of physicists, plot the spectrum as 

energy per uniform frequency interval, or photons per uni-

form frequency interval, the peak will be seen at frequencies 

corresponding to 800 nm and 1,200 nm, respectively.

Thus, the “maximum of the daylight spectrum” is an 

ambiguous concept, and we have to find another way of opti-

mizing our pigment. As for the idea that an ideal pigment 

should absorb everything, we should remember that the better 

a substance absorbs, the better it emits, and the transformation 

of radiant energy into other energy forms is just the balance 

between absorption and reradiation. That total absorption is 

not an ideal is even more apparent in the case of color vision. 

Vertebrate cones, which are cells receiving light signals for 

color vision, are shorter than the rods involved in “noncolor 

night vision” (scotopic vision) and therefore absorb a smaller 

portion of the light and discriminate between wavelength 

bands better than they would if they were as long as rods.
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Photosynthesis depends on photochemistry, and photo-

chemistry works particle to particle, photon to molecule. The 

useful energy storage can be regarded as the product of the 

number of reacting photons and the free energy that each con-

verted photon contributes. Björn (1976) following this princi-

ple comes to the conclusion that the long-wave absorption band 

of a pigment giving maximum energy conversion in direct sun-

light should be rather narrow and have a maximum at 707 nm. 

Furthermore, the pigment should be highly fluorescent (when 

not quenched by photochemistry). The maximum chemical 

potential difference that can be created by a one-step system is

mo o S

s

kT r R hv T T

b T T T

= ⋅ ( )⎡⎣ ⎤⎦ + −( )
− ⎡⎣ ⎤⎦⎤⎦ −

ln / /

/ /

Φ 2 2

2 2

4 1

1 12h2 /2k (( )
 

where k = Boltzmann’s constant, h Planck’s constant, T 

ambient temperature, TS the temperature of the radiating sur-

face of the Sun, Ф the fluorescence yield, r the radius of the 

Sun, R the Earth-Sun distance, vo the frequency of the spec-

tral peak of the absorption band, and b a parameter determin-

ing the width of the absorption band such that the half-band 

width is 2b√(2ln2) = 2.35b. With numerical values inserted, 

this becomes μo = − 0.342 eV + (19/20) hνo–6.6.10− 28b2eV s2 

(eV stands for electron volts). The effective chemical poten-

tial difference under conditions of maximum energy conver-

sion is 0.13 eV lower than that (just as the voltage of an 

electrical battery is lowered when power is drawn from it).

All this is for full sunlight. The optimum position of the 

absorption peak is lowered by 12 nm for every tenfold 

decrease of fluence rate, even if the spectrum of the daylight 

is not changed. Thus, it appears that the long-wavelength 

band of chlorophyll a in vivo is rather well matched to the 

conditions of our planet. The “blue” absorption band of chlo-

rophyll (the Soret band) does not contribute to chemical 

potential, but leads to increased photon absorption and thus 

increased energy conversion, as do various accessory 

pigments.

Milo (2009) using partly different and refined arguments 

and seeking the optimum center wavelength of the reaction 

center for a system utilizing pigment antennae to feed the 

center with energy arrive at essentially the same result. The 

most refined analysis today of the reason that the spectra of 

photosynthetic systems have evolved to the properties that 

they have is that of Marosvölgyi and van Gorkom (2011). 

They have taken into account also the energetic cost of the 

construction of the pigments and can explain also the long- 

wavelength spectral band of chlorophyll b and the spectra of 

bacteriochlorophylls. By using real daylight spectra rather 

than a blackbody approximation of the solar spectrum, they 

also find that the optimum wavelengths are hardly dependent 

at all on photon fluence rate.

Mauzerall (1976) has speculated on how chlorophylls can 

have evolved from porphyrins along a path of increasing 

lipophilicity, making them suitable for incorporation into 

membranes. Björn et al. (2009) have concentrated their dis-

cussion specifically on the question of why chlorophyll a has 

been chosen as the key pigment for oxygenic photosynthesis. 

With the discovery that chlorophyll d can replace chloro-

phyll a not only in pigment antennae, but also in reaction 

centers, the latter has much of its uniqueness.

Various types of bacterial chlorophylls have absorption 

bands at longer wavelengths. They are not adapted to direct 

daylight, but to the light that penetrates down to the places 

(such as anoxic sediments below algae absorbing shorter- 

wavelength light) where these bacteria live. The record in 

long wavelengths is held by bacteriochlorophyll b. Its spec-

trum peaks at 1,020 nm, beyond two infrared absorption 

bands of water.

Kiang et al. (2007) and Stomp et al. (2007) have detailed 

how various photosynthetic pigments are adapted for differ-

ent environments on Earth.

9.3  What Determines Spectra 
of Pigments?

Generally speaking, the absorption spectrum of a pigment is 

determined by (1) the structure of the chromophore(s) and 

(2) the environment of the chromophore.

The most important feature in chromophore structure is 

the arrangement of conjugated double bonds (alternating 

single and double bonds), i.e., the π electron clouds. The 

environment of the chromophore in many cases consists of, 

or is at least dominated by, a protein to which the chromo-

phore is bound, but there are also important cases, such as 

vacuolar flower pigments, where the chromophore is not pro-

tein bound, and other factors are the main concern.

In general, the absorption peak with longest wavelength 

for a molecule with conjugated bonds increases with the 

length of the conjugated bond system. It depends, as we shall 

see, also very much on the shape of the conjugated system, 

whether it is straight or not and, in the case of macrocycles as 

in chlorophylls, on its symmetry. If conjugation is broken by 

single bonds and thus divided into two conjugated systems, 

the absorption spectrum is similar to the sum of the contribu-

tions from the two systems.

As a simple example of the effect of conjugated system 

length, let us consider a series of polyene hydrocarbons, CH2 

= CH–(CH = CH)n–2–CH = CH2, with n conjugated double 

bonds. Such a simple and regular system is fairly well under-

stood. Energy levels for the ground state and the first excited 

state can be computed, and the wavelength of the long- 

wavelength absorption maximum corresponding to their dif-

ference determined. Two common approaches are the free 

electron (FE) theory and the linear combination of atomic 

orbitals (LCAO) method. In the former the Schrödinger 
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equation is applied to a “gas” of π-electrons in a “box poten-

tial,” i.e., a potential which is constant over an interval cor-

responding to the length of the conjugated system and zero 

outside of it. In the simplest version of this, the wavelength 

of the maximum would vary linearly with the length of the 

conjugated system, i.e., with n. However, one must consider 

that the length of the bonds between carbon atoms is not con-

stant (every second bond is longer, and there are “edge 

effects”), and therefore, the potential is not constant in the 

“box”; and Kuhn has developed a method to allow for this, 

the result of which is shown in Fig. 9.1 (another complica-

tion, as we shall see later, is that the chain is not straight and 

may be folded in various ways). In the LCAO method, one 

starts by computing the orbitals of the individual atoms, and 

then sums up their wave functions. In a refined version due to 

Hückel, one allows for the variation in bond length. Both 

methods give quite good results for low values of n but 

underestimate the wavelength for large values of n. The 

reader interested in more information on these computational 

methods is referred to a textbook on electron spectra of 

organic molecules, such as that by Jensen and Bunker (2000) 

or the still very readable one by Murrell (1963).

The carotenoids, and the retinals of visual pigments, are 

biologically important molecules resembling polyenes. The 

principle of spectral tuning by variation of the conjugated 

bond system is beautifully exploited by plants in the regula-

tion by the xanthophyll cycle of energy intake for photosyn-

thesis (see Sect. 28.11). Also, the phycobiliproteins show a 

change in wavelength position related to the length of the 

conjugated system, but we shall see also that other factors 

are important for the tuning. A complication with simple 

polyenes and carotenoids is that the first excited state is 

“optically forbidden” or “dipole forbidden,” i.e., cannot be 

reached from the ground state by light absorption (Schulten 

and Karplus 1972; see also Sect. 1.19). The absorption spec-

trum in the daylight region is due to transition to the second 

excited state (or, for carotenoids, the third excited state). The 

first excited state can still, for some carotenoids, participate 

in energy transfer to chlorophyll and make this very efficient 

(Thrash et al. 1979; Ritz et al. 2000), while for other carot-

enoids, it is too low (Polívka et al. 1999; but see Frank et al. 

2000).

9.4  Relation Between the Absorption 
and Molecular Structure 
of Chlorophylls

Chlorophylls can be classified into three main groups, 

depending on whether the nucleus is that of porphin with 11 

conjugated double bonds, dihydroporphin with 10, or tetra-

hydroporphin with 9 conjugated double bonds. In Fig. 9.2 it 

is shown which chlorophylls belong to each group, as well as 

the positions in organic solvent (in most cases ethyl ether) of 

their main absorption bands.

As is evident from Fig. 9.2, the long-wavelength transi-

tion, called Qy, corresponds to a smaller energy change in the 

tetrahydroporphin type bacteriochlorophylls than in the 

dihydroporphin type pigments and to a smaller energy 

change in the dihydroporphin pigments than in the porphin 

pigments. Even in the porphin pigments, there is a certain 

asymmetry (not shown in Fig. 9.2) due to the side chains, so 

even in these one can distinguish between Qx and Qy transi-

tions. Qx and Qy transitions can be distinguished through 

measurements of polarization of fluorescence excited by 

plane polarized light. Another way is to align the molecules 

in some way, for instance, in thin films, and study the absorp-

tion dichroism.

But the effects due to the chromophore environment are 

sometimes even larger than the effects of the differences in 

the conjugated double-bond system. Thus, the in vivo envi-

ronment (mainly the bonding to protein) changes the Qy 

band as shown in Table 9.1.

Those chlorophylls having the smallest energy gaps and 

the absorption bands at longest wavelengths are the reaction 

center special pairs (for exceptions, see Sect. 9.5). Their spe-

cial absorption properties are due to formation of exciton 

complexes (see Chap. 1).

The reader who wishes to understand chlorophyll absorp-

tion spectra in more detail is referred to Linanto and Korppi- 

Tommola (2000). The theory of electronic spectra of organic 

molecules and the computational methods used to under-

stand the spectra are treated in many books, e.g., Murrell 

(1963).
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Fig. 9.1 The wavelength of the absorption maximum with longest 

wavelength for a series of polyenes with formula CH2 = CH–(CH = 

CH)n–2–CH = CH2. The graph shows experimental values, as well as 

values calculated by two different methods, the Kuhn version of the free 

electron theory, and the Hückel version of the linear combination of 

atomic orbitals theory
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9.5  Tuning of Chlorophyll a and b 
Absorption Peaks by the Molecular 
Environment

Chlorophyll a is the key pigment in almost all organisms 

with oxygenic photosynthesis, i.e., cyanobacteria, algae, and 

plants. It functions in both reaction centers I and II and as 

antenna pigment in both photosystems. A great number of 

spectral forms can be distinguished in vivo and in thylakoid 

preparations.

In organic solvents the long-wavelength absorption peak 

of chlorophyll a lies at 662 nm (ethyl ether) to 663 nm (ace-

tone), when the solution is dilute and the chlorophyll in a 

monomeric state. In vivo all chlorophyll a fractions are “red 

shifted,” i.e., shifted to longer wavelengths compared to this. 

Some of the antenna chlorophylls in photosystem II (PSII) 

have the smallest shift, while a few molecules in photosys-

tem I have the largest shift and, perhaps surprisingly, have 

peaks at even longer wavelength than photosystem I (PSI) 

reaction center chlorophyll (P700).

Cinque et al. (2000) were able to specify the spectra of 

two particular antenna chlorophyll chromophores in maize 

by comparing recombinant chlorophyll proteins lacking 

chromophores present in the wild type. They found that the 

long- wavelength (Qy) peak of CP29 chlorophyll a is at 

680 nm and that of LHC II chlorophyll b at 652 nm. Thus, 

the red shifts (bathochromic shifts) compared to solution 

in, e.g., ethyl ether are very different. However, the overall 

shapes of the two spectra are very similar in organic solu-

tion and protein environments.

Some chlorophyll species are extremely red shifted 

in vivo. Halldal (1968) discovered that the green alga 

Ostreobium, growing inside a coral on the Great Barrier 

Reef, contained unusually large amounts of such long- 

wavelength chlorophyll, “Ca720.” It seemed to be an 

 adaptation to the unusual environment of this organism. 

Other algae growing outside Ostreobium filtered away much 

of the daylight and left mostly far-red light for Ostreobium to 

use. Halldal asked his student Öquist to find out whether a 

more “ordinary” alga, Chlorella, would also be able to adapt 

to far-red light by forming more long-wavelength chloro-

phyll, and to some extent it could (Öquist 1969). But some 
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Fig. 9.2 The ring systems for the three main 

classes of chlorophylls. These ring systems are 

flat. The conjugated double-bond systems are 

indicated by heavy lines. While the conjugated 

system is rather isodiametric (approximating 

circular form) for the porphins, it is more 

elongated for the other two groups. The long 

axis of this elongated system is often referred 

to as the y-axis, and the transition moment for 

the so-called Qy transition lies along this axis. 

The x-axis, and the direction of the Qx 

transition, is almost perpendicular to this but 

also in the plane of the ring. The short-

wavelength “Soret” band is complex with 

transitions along both axes. For instance, for 

bacteriochlorophyll a the 358 Soret component 

is in the y-direction and the 391 component in 

the x-direction

Table 9.1 Comparison of absorption spectra of chlorophyll pigments 

position of long-wavelength (Qy) band (nm)

Pigment In ethyl ether In vivo

Protochlorophyll 624 630–650

Chlorophyll a 662 670–700

Chlorophyll b 644 650

Chlorophylls c 626–637

Bacteriochlorophyll a 773 800–890

Bacteriochlorophyll b 795 1,020

Bacteriochlorophyll c 725–750
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species of Ostreobium are exceptional and are still attracting 

the interest of scientists. Although most of the long- 

wavelength chlorophyll is associated to photosystem I, there 

seems also to be long-wavelength chlorophyll in photosys-

tem II (Fuad et al. 1983; Zucchelli et al. 1990; Koehne et al. 

1999). Investigators are puzzled by the fact that these piga-

ment forms seem to be able to deliver energy to the reaction 

centers, which have absorption spectra peaking at shorter 

wavelengths and were thought to require higher energy 

quanta. The explanation may be, as in the case of dragonfish 

vision, that thermal quanta deliver the extra energy needed. 

This need not violate the second law of thermodynamics if 

the whole photosynthetic system is considered.

Some of the recent and detailed investigations have been 

done on cyanobacteria. It has been shown that also in this 

case the long-wavelength forms, at physiological tempera-

tures (but not at very low temperature), can transfer absorbed 

energy to P700 (Pålsson et al. 1998). The main long- 

wavelength absorption peaks of these long-wavelength forms 

are variously given as 708 and 719 nm (Pålsson et al. 1998) 

and 705, 714, and 723 nm (Kochubey and Samokhval 2000), 

both for Synechococcus elongatus. For Synechocystis sp. 

PCC 6803, only a single long-wavelength form peaking at 

710 nm was identified (Gill and Wittmershaus 1999), possi-

bly due to methodological differences. The 719 nm form 

seems to arise from the 708 nm form when monomers of PSI 

are combined to the trimers present in vivo (Pålsson et al. 

1998; Jordan et al. 2001). In a structural model (Jordan et al. 

2001), for PSI the 710/719 nm chlorophyll is tentatively 

identified with the aC-A32/aC-B7 molecule pair, which 

seems to connect the monomers energetically. Thus, the 

long-wavelength band may arise by excimer splitting, just as 

in a long-wavelength spectral form of phycocyanobilin. 

However, Koehne et al. (1999) have obtained evidence that at 

least some long-wavelength forms in the eukaryotic alga 

Oestrobium have another origin.

To date the long-wavelength record for chlorophyll a tun-

ing is held by the cyanobacterium Spirulina platensis, which 

has a form peaking at 738 nm (Shubin et al. 1991; Koehne 

and Trissl 1998; Karapetyan et al. 1997).

P700 of photosystem I as well as P680 of photosystem II 

are both dimers (within the photosystem monomer), with the 

tetrapyrrols closely stacked in a parallel manner and with 

tightly overlapping π orbitals, forming excimers. It is thus 

not difficult to understand that there is a large red shift from 

the absorption peak of chlorophyll a in dilute organic 

solution.

Carotenoids may be important for the spectral fine tuning 

of some other chlorophyll forms. Several of the carotenoids 

in PSI show extended overlap of their π orbitals with those of 

chlorophyll molecules (Jordan et al. 2001).

For cyanobacterial PSII a structural model has been pub-

lished by Zouni et al. (2001). According to this model, ChlzD1 

and ChlzD2 are identified with chlorophyll a bound to histi-

dine in polypeptides D1 and D2. These chlorophylls have 

absorption peaks at 675 nm (Schelvis et al. 1994).

9.6  Phycobiliproteins and Phycobilisomes

In hardly any case is spectral tuning more important and 

critical than in photosynthetic antenna pigments. Light is 

absorbed by one chromophore and transferred over a series 

of other chromophores to photosynthetic reaction centers. 

The most common method for energy transfer is the Förster 

mechanism. For this to be efficient, the emission spectrum of 

the energy donor must in each step match the absorption 

spectrum of the receiver.

There are many kinds of antenna pigments in various 

organisms: chlorophylls, carotenoids, pteridines, and phyco-

biliproteins. We shall concentrate here on phycobiliproteins, 

which occur in cyanobacteria and several groups of algae, 

most important of which are the red algae. The description 

below will primarily reflect the conditions in cyanobacteria.

Cyanobacteria use several principles for spectral tuning, 

the first of which is variation of the structure of the chromo-

phores (bilins). Different lengths of the conjugated bond sys-

tem results in different transition energies: the greater the 

length, the lower the energy. The types of chromophores 

known are shown in Table 9.2 and their distribution among 

proteins in Table 9.3.

When the chromophores attach to proteins (which takes 

place via sulfur bridges at one or two points), two changes 

are immediately apparent: The absorption bands become 

sharper, and the intensity of the long-wavelength band 

increases in comparison to those at lower wavelengths. The 

sharpening of the bands takes place because the conforma-

tion of the chromophore, which in the free form is very 

Table 9.2 Number of conjugated double bonds and absorption maxima for the phycobilins

Phycobilin

Number of conjugated double  

bonds

Absorption maximum in free  

form (nm)

Absorption maximum in  

phycobiliprotein

Phycourobilin (PUB) 5 495

Phycoerythrobilin (PEB) 6 530 545–565

Phycoviolobilin (PVB) 7 510–570

Phycocyanobilin (PCB) 8 600 610–671
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 flexible and therefore distributed over a large number of con-

formational states, becomes restricted. The relative intensifi-

cation of the long-wavelength band takes place because the 

chromophore becomes more straight, while in the free state, 

it is, on average, more circular, as one turn of a helix (Scheer 

and Kufer 1977; Knipp et al. 1998), with overlapping ends. 

The spectrum therefore is in this case more “porphyrin like,” 

with a pronounced Soret-type band. Another effect of the 

binding to protein is that the position of the long-wavelength 

band is shifted, to very different extents in different cases 

which will be described below.

The chromophore is not fixed in the protein with complete 

rigidity. Of particular interest are cases in which the conforma-

tion of the chromophore can change under the influence of light, 

causing photochromicity of the chromoprotein, analogous to 

the behavior of phytochrome. The behavior was first noticed by 

Scheibe (1972) in an extract containing phycocyanin. The phe-

nomenon was further examined in a number of papers by 

G.S. Björn, summarized by G.S. Björn (1980), L.O. Björn 

(1979), and Björn and Björn (1980). The experiments were 

mostly carried out on extracts, but in one case (G.S. Björn 

1979), photoreversible photochromism was shown to occur also 

in vivo. In this case irradiation with light of 505 nm results in a 

decrease of absorption at this wavelength and an increase at 

570 nm, while irradiation with 570 nm light reverses this effect, 

and the reaction can be repeated over and over again.

This particular case has been further explored by other 

researchers, in particular the group around H. Scheer in 

Germany (Zhao et al. 1995; Zhao and Scheer 1995; see also 

Ohad et al. 1979; Scharnagl and Fischer 1993). It has been 

found that the change in absorption spectrum is primarily 

due to rotation around a double bond between carbon atoms 

15 and 16 in a phycoviolobilin chromophore in the a subunit 

of phycoerythrocyanin.

How rigidly the chromophore is held by the protein 

depends partly on the covalent (thioether) bonds between 

chromophore and protein. The bonds may go from either the 

A ring or the D ring, or both, and this affects the spectral 

properties. The extent to which the chromophore is stretched 

and kept rigid also affects another property of great impor-

tance for the function, namely, the excited state lifetime. A 

phycobilin chromophore which is not fixed in a protein has 

great flexibility, which gives greater possibilities for thermal 

relaxation, i.e., shorter lifetime and less efficient energy 

transfer and photochemical efficiency. This is in contrast to 

what is the case with chlorophylls, which are already in the 

free state rigid structures. The attachment to protein also 

favors a protonated state, which also lengthens the excited 

state life.

The ordered arrangement of chromophores in a protein 

matrix affects the chromophore spectrum by one more mech-

anism. It keeps certain chromophores in the close vicinity of 

one another, which results in the formation of exciplexes. As 

described in Sect. 1.17, this splits the energy levels of the 

isolated chromophores in a higher and a lower level, in turn 

splitting the absorption bands in a corresponding manner.

Thus, even though cyanobacterial phycocyanins and allo-

phycocyanins all contain only a single type of chromophore, 

namely, phycocyanobilin, they exhibit a wide range of 

absorption bands, peaking from 620 nm in C-phycocyanin to 

671 nm in allophycocyanin B and also in the “terminal linker 

polypeptide” in the center of the phycobilisomes, close to the 

chlorophyll in the thylakoid membranes.

Phytochromes constitute a quite different type of phyco-

biliproteins, which have a light-sensing function (Chaps. 11, 

12, 13 and 19). Plant phytochromes, which are those studied 

in most detail and that contain phytochromobilin (closely 

related to phycocyanobilin) as chromophore, are intercon-

vertible between two forms of which one has evolved to 

absorb maximally near the absorption maximum of chloro-

phyll, while the other one absorbs maximally just outside the 

chlorophyll absorption. Therefore, they are well suited for 

detecting the change in light spectrum caused by the pres-

ence of competing plants. Phytochromes of nonphotosyn-

thetic bacteria, on the other hand (whose exact biological 

function is yet to be explored), contain a different type of 

phycobilin chromophore and absorb at longer wavelengths 

(Bhoo et al. 2001).

9.7  Spectral Tuning of Phycobilisomes: 
Chromatic Acclimation 
in Cyanobacteria

What we shall be dealing with in this chapter has traditionally 

been called chromatic adaptation, but in modern terminology, 

adaptation is hereditary and evolutionary adjustment to the 

environment. What we shall describe now is the nonheredi-

tary adjustment to the spectrum of the surrounding light, and 

Table 9.3 Occurrence of phycobilin chromophores among cyanobac-

terial phycobiliproteins and their a and b peptides

On a peptide On b peptide

Allophycocyanin 1 PCB 1 PCB

C-Phycocyanin 1 PCB 2 PCB

Phycoerythrocyanin 1 PVB 2 PCB

R-Phycocyanin II 1 PEB 2 PCB

Phycocyanin WH8501 1 PUB 2 PCB

C-Phycoerythrin 2 PEB 2 PEB

CU-Phycoerythrin (1) 3 PUB 1 PEB + 1 PUB

CU-Phycoerythrin (2) 1 PEB + 2 PUB 2 PEB

CU-Phycoerythrin (3) 3 PUB 2 PEB

CU-Phycoerythrin (4) 2 PEB + 1 PUB 2 PEB + 1 PUB

Source: After MacColl (1998), slightly simplified. For corresponding 

information for rhodophycean phycobiliproteins, see Table 1 of 

Holzwarth (1991), and for cryptophycean (cryptomonad) phycobilipro-

teins Glazer and Wedemayer (1995)
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this should for consistency be called chromatic acclimation. 

By this we mean, in a photosynthesis context, the ability of 

organisms to adjust their photosynthesis apparatus, and in 

particular the amounts of various light- harvesting pigments, 

to match the spectral composition of available light (Kehoe 

and Gutu 2006). (The term can also be used in vision sci-

ence.) The phenomenon has been studied for a long time, but 

we shall focus here on recent developments.

Cyanobacteria have protein complexes called phycobili-

somes attached to the outside of their photosynthetic mem-

branes (thylakoid membranes). They are composed of 

phycobiloproteins serving to gather light energy that is effi-

ciently channeled to the photosystems (mostly to photosystem 

II). There are several kinds of phycobiliproteins, but in the fol-

lowing, we shall focus on the blue (red-light- absorbing) phyco-

cyanins and the red (green-light-absorbing)  phycoerythrins of 

cyanobacteria. Light energy absorbed in phycoerythrin is trans-

ferred to phycocyanin and from there via another phycobilipro-

tein, allophycocyanin, to chlorophyll a in the thylakoid 

membrane.

Some other photosynthetic organisms are also capable of 

chromatic acclimation, but it is most dramatically obvious in 

some cyanobacteria. All cyanobacteria do not exhibit chro-

matic acclimation, but in all major phylogenetic groups of 

cyanobacteria, some members do. de Marsac (1977) divided 

cyanobacteria into three groups with respect to their ability 

in this respect:

Group I, not capable of chromatic acclimation

Group II, able to vary phycoerythrin content but not phyco-

cyanin content

Group III, able to vary both phycoerythrin and phycocyanin 

contents

Gutu and Kehoe (2012) use the symbolism CA1, CA2, 

and CA3 for the corresponding variants of chromatic 

acclimation.

Of these, group III has, not surprisingly, attracted most 

interest from researchers (Fujita and Hattori 1962; Ohki and 

Fujita 1978), and during recent years, the mechanism has, to a 

large degree, been clarified for some cyanobacteria. However, 

it is also clear that the mechanism is not the same for all cya-

nobacteria. Cyanobacteria are well equipped with photorecep-

tors. In a single species there may be many different 

phytochrome-type proteins with GAF domains carrying bilin 

chromophores (Ma et al. 2012), but also rhodopsins can be 

involved in the regulation of photosynthetic pigment antennae 

(Irieda et al. 2012). We shall return to group III in the follow-

ing, but first complete the picture with a couple of other kinds 

of chromatic acclimation discovered more recently.

Palenik (2001) found that at least some Synechococcus 

strains are able to increase their absorption of blue light 

when there is more of this available than light of longer 

wavelength. The effect was further studied by Shukla et al. 

(2012) and by them named CA4 (type 4 chromatic 

 acclimation). These cells, when grown in blue light, increase 

their content of the chromophore phycourobilin at the 

expense of phycoerythrobilin, simply by isomerizing the lat-

ter to the former (Fig. 9.3) without changing the protein to 

which the chromophore is bound. This changes the absorp-

tion spectrum of the biliprotein. An isomerase, called MpeZ, 

catalyzing this reaction has also been found. The photore-

ceptor regulating the amount of isomerase is so far not char-

acterized, but is likely to be a cyanobacteriochrome.

Another type of chromatic acclimation that we can call 

type 5 (CA5) has been found by Duxbury et al. (2009). This 

is the ability of the strain of Acaryochloris marina (Chen 

et al. 2010; 2012; Chen and Blankenship 2013; Loughlin 

et al. 2013) to adjust the content of phycocyanobilin in rela-

tion to chlorophyll d, depending on the amount of orange or 

far-red light available.

We shall focus here on the best understood case, the type 

III acclimation of Fremyella diplosiphon (Fig. 9.6). 

Absorption spectra, visual appearances, and phycobilisome 

structures of this organism grown in red and green light are 

shown in Fig. 9.4. The photoreceptor that senses the light for 

this regulation is a cyanobacteriochrome called RcaE (Kehoe 

and Grossman 1996; Grossman and Baya 2001).

The photoreceptor for this regulation is a cyanobacterio-

chrome of the type that has only one cysteine link between 

the protein and the bilin (in this case phycocyanobilin). The 

switch between the two forms involves not only an isomeri-

zation around a double bond (15) from the 15Z configuration 

for the green-absorbing Pg form to the 15E configuration for 

the red-absorbing Pr form, but also a protonation when going 

from Pg to Pr. It is the protonation that causes most of the 

spectral change, not the isomerization. Pg is the active form, 
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Fig. 9.3 The isomerization of phycoerythrobilin to phycourobilin. 

Note that the conjugated double-bond system is longer in phycoeryth-

robilin (top) (From Shukla et al. 2012)
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Fig. 9.4 (a) Above: Whole-cell absorption spectra of Fremyella dip-
losiphon grown in red (left) and green (right) light (inset, photos of 

the cultures). Below: Models of the corresponding phycobilisomes. 

PC1 and PC2, phycocyanins 1 and 2; PE, phycoerythrin; light blue, 

phycobilisome core with allophycocyanin; linker proteins not shown 

(From Gutu and Kehoe 2012). (b). Aqueous extracts of Fremyella dip-
losiphon grown in green (left) or red (right) light (Courtesy Gunvor 

Björn)
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having histidine kinase activity (autophosphorylation in a 

first step, followed by transfer of a phosphate group to the 

protein RcaC via another one, RcaF). The phosphorylated 

form of RcaC inhibits transcription of phycoerythrin genes 

and increases transcription of phycocyanin genes (see detail 

in Gutu and Kehoe 2012). It is instructive to compare the 

action spectra for chromatic acclimation in F. diplosiphon 

(Vogelmann and Scheibe 1978) with the absorption spec-

trum for purified cyanobacteriochrome RcaE (Hirose et al. 

2013) in Pr and Pg forms (Fig. 9.5).

We see from Fig. 9.5 that action and absorption spectra 

follow each other in the main bands around 350, 550, and 

650 nm. However, between 420 and 570 nm, the action spec-

trum for induction of phycoerythrin synthesis drops to zero, 

while the corresponding absorption spectrum does not. This 

can be explained by the high rate of the reverse reaction in 

this spectral region. In the same way, one can understand that 

the action spectrum for inhibition of the induction drops to 

zero at short wavelengths, where the opposite reaction 

becomes important.

Let us try to express this a little more quantitatively. Since 

it is known now that it is the Pg form that is the active form, 

which inhibits phycoerythrin synthesis and promotes phyco-

cyanin synthesis, let us try to model the effect of its 

formation.

Let us assume, based on Fig. 2 in Vogelmann and Scheibe 

(1978), that the span of PE/(PE + PC) after green-light treat-

ment is from 0 to 0.6. Then halfway between is 0.3 and the 

corresponding log(fluence)/(J m−2) ca 2.4 and thus the half- 

saturating 550 nm photon fluence ca 10−3 mol m−2. This gives 

us the order of the action cross section as 1,000 m2 mol−1. 

The action cross section is the absorption cross-section times 

the quantum yield. The absorption cross section in turn is the 

absorption coefficient multiplied by ln(10), the latter factor 

coming from the fact that spectrophotometric absorption 

coefficients are based on decadic logarithms, while natural 

logarithms have to be used in kinetic computations.

From Fig. 3 in Vogelmann and Scheibe (1978), it appears 

that the reversal of PE induction saturates when there is still 

some PE synthesis remaining. The halfway saturation for 

650 nm light is for a log(fluence) of about 1.8 (J m−2), cor-

responding to a photon fluence of 3.4 × 10−4 mol m−2. This 

gives us a rough value for the action cross section (σ) at 

650 nm of 3,000 m2 mol−1. Thus, the action cross section of 

Pr at 650 nm appears to be about three times the size of the 

action cross section of Pg at 550 nm. Obviously estimated in 

a somewhat different way, Vogelmann and Scheibe (1978) 

arrive at a ratio of 7 instead of 3. Thus, these estimates are 

not very accurate, and in the calculations below, we have 

used the action cross sections 1,000 and 10,000 mol m−2 for 

the green-absorbing and the red-absorbing forms of the pho-

toreceptor at their absorption maxima, i.e., a ratio of 10.

Let us now consider the reaction system

 
Pr ↔ Pg  

where Pr and Pg are the red- and green-absorbing forms of 

photoreceptor pigment. With ε and ϕ standing for absorp-

tion cross sections and quantum yields, respectively, the 

rate of Pg formation is d[Pg]/dt = Frate(λ){εr(λ) × ϕr × [Pr] 
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Fig. 9.5 The action spectrum for induction of phycoerythrin synthesis 

(red squares) and for its inhibition (blue circles) from Vogelmann and 

Scheibe (1978) compared to the Pr form (left panel, blue line) and the 

Pg form (right panel, red line) of RcaE (Hirose et al. 2013). All data are 

normalized to unity at the long-wavelength maximum
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− εg(λ) × ϕg × [Pg]}, or with simpler notation dPg/dt = Frate 

× (σr × Pr − σg × Pg), where t is time, Frate is photon fluence 

rate, σr and σg are wavelength-dependent action cross sec-

tions of the red- and green-absorbing forms of the photore-

ceptor, and Pr and Pg are the amounts of the two 

photoreceptor forms as fractions of the total. Considering 

that Pr = 1−Pg, and assuming that all photoreceptor is in the 

Pr form before irradiation with red light starts, this relation-

ship can be integrated over time to yield

ln{[σr − (σr + σg) * Pg]/σr} = − (σr + σg) × Frate × t = − (σr + 

σg) × F, where F = Frate × t is the fluence.

Thus, ln{[σr − (σr + σg) × Pg]}/σr] = − (σr + σg) × F which 

can be rewritten as 1 − (1 + σg/σr) × Pg = exp[−(σr + σg) × F], 

i.e., Pg = {1 − exp[−(σr + σg) × F]}/(1 + σg/σr).

We have made the action cross sections for the 

 green- absorbing and red-absorbing form 1,000 and 

10,000 times the absorption coefficients with maxima 

normalized to 1, which we can call kr and kb, so we get 

Pg = − − × + ×( )×⎡⎣ ⎤⎦{ }
+ ×( )
1 10 000 1 000

1 0 1

exp , , /

. /

kr kg F

kg kr

We did not get a good fit with this. But by changing the 

factor 0.1 in the last parenthesis to 1, we obtained the violet 

curve marked “model” in Fig. 9.6, and by squaring it, we got 

a fit which is probably within experimental error.

Can we logically motivate the square relationship? We 

could get a square relationship if two parts of the phyco-

erythrin molecule (such as the protein part and the 

 chromophore) were separately regulated by the 

photoreceptor.

9.8  Tuning of Phytochrome-Like 
Pigments

Since the publication of the second edition of this book, it 

has become obvious that there exist in many main groups of 

organisms pigments which are analogous to the plant photo-

sensory pigments known as phytochromes (Rockwell and 

Lagarias 2010). Phytochrome- like pigments, or at least genes 

coding for such chromoproteins, have by now been found in 

various kinds of algae, fungi (Blumenstein et al. 2005; 

Rodriguez-Romero et al. 2010; Lamparter and Marwan 

2001), Excavata (Bolige and Goto 2007), and in many major 

groups of bacteria: cyanobacteria (Rockwell et al. 2011), 

actinobacteria, α-proteobacteria, γ-proteobacteria, ∂-proteo-

bacteria (White et al. 2008), Deinococcaceae, and Firmicutes. 

They have even been implicated in Archaea. The plant phy-

tochromes have two main states with absorption peaks at 

about 660 and 730 nm, respectively. Their newly detected 

relatives in other organisms span over a very large spectral 

range, rivaling the spectral tuning of rhodopsin-type and 

chlorophyll-type pigments. This spectral variation is due to 

both chromophore modifications and protein interactions. 

The peaks of light sensitivity range from 382 nm (Song et al. 

2011) for a Synechocystis pigment to 750 nm for a 

Agrobacterium tumefaciens pigment (Rottwinkel et al. 

2010). In the latter case significant sensitivity extends above 

800 nm.

The plant phytochromes and many of the related pig-

ments in other groups have their open-chain tetrapyrrole 

(bilin-type) chromophore attached via a covalent bond to a 

cysteine in the apoprotein. The cyanobacteria exhibit a 

special richness and variability of phytochrome-like pig-

ments. In a single cyanobacterial strain, Nostoc sp. 

PCC7120, seven different types have been found (Ma et al. 

2012). In addition, this organism is equipped with a rho-

dopsin-type light sensor (Jung et al. 2003). More gener-

ally, there are two main types of phytochrome-like sensors 

in cyanobacteria, those which have their chromophore 

attached via a single cystein residue. These are appropri-

ately called cyanobacterial phytochromes. An overview of 

this is given in the Introduction part of Anders et al. (2011). 

They exhibit red/far-red  photoreversibility as plant phyto-

chromes. The other types, called cyanobacteriochromes or 

cyanochromes, have two cysteine attachment points 

between chromophore and apoprotein. Their spectra are 

shifted to lower wavelengths, in an extreme case to 382 nm 

(Song et al. 2011).

Below we shall give some examples of the effect of chro-

mophore and of protein environment on absorption (and sen-

sitivity) spectra. It should be noted that in many cases 

described in the literature, chromoproteins have not been 

characterized after extraction from the original organism 

under investigation. Instead the corresponding gene, or even 
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Fig 9.6 Measured action spectrum for phycoerythrin formation 

(Vogelmann and Scheibe 1975) compared to the Pr absorption spectrum 

(Hirose et al. 2013) and the modeled action spectrum as described in the 

text
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only part of it, has been cloned into another organism that 

has been able to produce the protein in sufficient amount for 

investigation.

From Fig. 9.7 we can learn several things: (1) The free 

forms of the bilins in solution have less sharp spectra 

because they are flexible, so the spectra are averaged over 

many conformations. The protein-bound forms, on the 

other hand, are fixed in a particular conformation. (2) The 

biliverdin chromoprotein has its absorption peak at longer 

wavelength (ca 703 nm) than the phycocyanobilin chromo-

protein (ca 680 nm), because biliverdin has one double 

bond more.

Figure 9.8 shows the change of absorption spectra upon 

irradiation of two phytochromes prepared from genes of 

Agrobacterium vitis. Note that one of them changes towards 

longer wavelengths on irradiation with red light, in a way 

similar to the plant phytochrome. The other one, however, 

shifts to shorter wavelength upon irradiation. This type of 

phytochrome has been called bathyphytochrome (from 

Greek bathys, deep or low). As described in Fig. 12.14, these 

spectral changes are due to rotation of part of the bilin mol-

ecule around a double bond and changes in the protein that 

follow from this.

Figure 9.9 shows spectra of the other main type of 

photo sensory biliproteins, called cyanobacteriochromes 

(or cyanochromes), with two attachment points for the 

bilin via cysteine residues on the protein. One of these 

bonds is labile and may loosen in one of the spectral 

forms. The double attachment results in a very large shift 

to shorter wavelength (the chromophore in this case, as in 

others investigated, is  phycocyanobilin). Irradiation with 

UV-A radiation results in the 534 nm form, while irradia-

tion with green light produces the 382 nm form. By com-

parison with Fig. 9.7, we can see that the protein can 

modulate the phycocyanobilin absorption peak between 

382 nm and 684 nm.
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Further aspects of cyanobacterial chromatic acclimation 

are treated by Bussel and Kehoe (2014).

9.9  Visual Tuning

Visual pigments of animals span a spectral range of 300–

700 nm (Marshall and Oberwinkler 1999), i.e., more than an 

octave of the electromagnetic spectrum. They are proteins 

with, in most cases, either 11-cis-retinal or 11-cis- 

3- dehydroretinal (Fig. 9.10: Makino et al. 1999) as chromo-

phores. Proteins with 11-cis-retinal alone cover a range of 

absorption spectra with maxima from 360 to 635 nm 

(Kleinschmidt and Harosi 1992, Kochendoerfer et al. 1999). 

The term rhodopsin is somewhat ambiguous and sometimes 

covers all chromoproteins related to the human visual pig-

ments, including light-sensitive proteins in algae, bacteria, 

and archaea, but sometimes visual pigments containing 

11-cis-dehydroretinal (which are then termed porphyrop-

sins) are excluded. The spectra of visual pigments to some 

extent depends on which chromophore they contain; 

 dehydroretinal (also called retinal2) with its longer conju-

gated double-bond system giving a red shift of 10–50 nm 

compared to 11-cis-retinal. Two other “primary chromo-

phores” involved in animal vision are also known: 11-cis-4- 

hydroxyretinal has been found (as well as retinal and 

3- dehydroretinal) in the eyes of the bioluminescent squid 

Watasenia scintillans (Matsui et al. 1988) and gives a blue 

shift compared to retinal. 3-Hydroxyretinal occurs in several 

insect orders (Vogt 1983; Vogt and Kirschfeld 1984; 

Tanimura et al. 1986; Seki and Vogt 1998), and different ste-

reoisomers (3R and 3S enantiomers) of it occur, with differ-

ent phylogenetic distributions (Seki and Vogt 1998). Many 

vertebrates, including humans, have a differentiation of 

light-sensitive cells in the retina between rods, specialized 

for “black-and-white vision” in weak light, and cones, spe-

cialized for color vision in stronger light.

In addition to these “primary chromophores,” there are, in 

certain cases, “sensitizing chromophores” attached to the 

same proteins. These chromophores act in analogy to photo-

synthetic antenna pigments: they absorb light and transfer 

the energy to the primary chromophores. Only three such 

sensitizing chromophores have been detected so far: 11-cis- 

3-hydroxyretinol in Diptera (Vogt and Kirschfeld 1984) and 

defarnesylated Chlorobium pheophorbide methyl ester in 

bioluminescent dragonfish (Douglas et al. 1998, 1999) and 

chlorin e6 in salamander (Isayama et al. 2006). More about 

the dragonfish can be found in Chap. 26.

In addition to visual pigment structure, spectral filters in 

the form of colored oil drops contribute to spectral tuning of 

photoreceptor sensitivity in some animals, especially birds 

(Maier and Bowmaker 1993; Bowmaker et al. 1997; 

Vorobyev et al. 1998; Hart et al. 2000) and reptiles 

(Schneeweis and Green 1995). We also have filters in our 

own eyes, namely, in the yellow spot of the retina, macula 

lutea. This is the spot of highest visual acuity, devoid of 

 blue- sensitive cones. Here the yellow pigment serves to pre-

vent blue light to reach the green- and red-sensitive cones, 

for which it would degrade acuity by chromatic aberration.

However, most of the spectral tuning is achieved by varia-

tion of a few of the amino acids in the protein to which the 

chromophores are attached (Britt et al. 1993).

Humans use exclusively the 11-cis-retinal chromophore. 

In free form in methanol solution, 11-cis-retinal absorbs 

maximally at 380 nm (in protonated Schiff’s base form, it 

absorbs maximally at 440 nm). Human rhodopsin, the 

protein- chromophore complex of rods, used in twilight 

vision, peaks at 493 nm (Wald and Brown 1958). The three 

human cone pigments, used in color vision, peak at 426, 530, 

and 552 nm (or 557 nm; all persons do not have exactly the 

same type). The human cone pigments are often referred to 

as SW (for short wavelength), MW, and LW pigments, 

respectively.

The effect of protein primary structure on spectral proper-

ties of visual pigments is studied (1) by comparing various 

naturally occurring pigments and (2) by site-directed muta-

genesis experiments in which certain amino acids are changed.

An important determinant of the spectrum seems to be the 

negative charges on amino acids in proximity to the chromo-

phore. We shall give two interesting examples of how this 

can work:

 1. Ultraviolet vision has been demonstrated in many verte-

brate (fish, amphibian, reptilian, avian, and mammal) spe-

cies (Jacobs 1992). Yokoyama et al. (2000) have 

convincingly shown that ultraviolet-sensitive pigment in 

birds evolved from violet-sensitive pigments by a single 
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Fig. 9.9 Green irradiated (382 nm form), solid line, and UV-A irradi-
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Synechocystis sp. PCC 6803 (Redrawn from Song et al. 2011)
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amino acid substitution, namely, by a change of serine to 

cysteine at position 84. This shifts the absorption spec-

trum of the wild-type pigeon pigment with a maximum at 

393 nm to one peaking at 358 nm. For the corresponding 

chicken pigment, the shift was from 415 to 369 nm. 

Conversely, the zebra finch UV pigment peaking at 

359 nm could be shifted to 397 nm by a change at position 

84 from cysteine to serine. It should be noted, however, 

that ultraviolet- absorbing pigments in other vertebrate 

groups have arisen independently and by other 

substitutions.

 2. Human trichromatic color vision has arisen recently dur-

ing evolution; most mammals have only dichromatic 

color vision and some, such as whales, do not have more 

than one type of cone pigment. Some New World mon-

keys also possess trichromatic color vision but that has 

arisen independently. The human type of trichromacy has 

arisen by gene duplication of a long-wavelength pigment 

and mutation of one of the gene copies to produce a 

middle- wavelength (MW) pigment. According to Neitz 

et al. (1991), the spectral differences between these 

 pigments depend on three amino acid differences, and in 

addition there are several differences without spectral 

effect. Effects are detailed in Table 9.4 (values vary some-

what between investigators using different methods). In 

each case the change from a nonhydroxyl to a hydroxyl 

amino acid results in a “red shift,” i.e., absorption at lon-

ger wavelengths.
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Those people who possess a 557 nm LW pigment have 

serine at position 180, while those with a 552 nm pigment 

have alanine. This position is also variable in the MW pig-

ment but seems to produce a smaller spectral shift there, and 

investigations are not as thorough as for the LW pigment 

(see Sharpe et al. 1999 for details). The same person may, in 

fact, possess more than three different cone pigments (Neitz 

et al. 1993).

Fujimoto et al. (2005) have studied the spectral tuning of 

retinal proteins by quantum mechanical methods, while 

Nathans (1992) has discussed it in more general terms, eas-

ier to understand for the nonspecialist. Retinal undergoes a 

large decrease in dipole moment in going from the ground 

state to the photoexcited state: In the ground state, a positive 

charge is localized mainly to the Schiff’s base nitrogen, and 

this charge is distributed more evenly throughout the 

π-electron system upon photoexcitation (Nathans 1990). A 

negative charge, such as from glutamate or aspartate, along 

the polyene chain of retinal would favor charge delocaliza-

tion in the ground state and thus a smaller energy gap, i.e., a 

red shift. Polar groups along the polyene chain would favor 

or disfavor charge delocalization depending on orientation. 

Polarizable groups along the polyene chain would stabilize 

the excited state (produce a red shift) through compensatory 

charge movement. Twisting around single or double bonds 

would, respectively, decrease or increase charge delocaliza-

tion. Moving the Schiff’s base counterion further from the 

chromophore would decrease the effect of the ground state 

dipole moment and produce a red shift. A record shift for a 

single amino acid change (which has not been found in 

nature), from 500 to 380 nm, was produced experimentally 

by changing glutamic acid to glutamine at position 113 (ref-

erences in Yokoyama 1997). Wang et al. (2012) performed 

systematic modifications of rhodopsin structure producing a 

whole range of rhodopsins with spectra peaking from 460 to 

644 nm and having the colors in solution shown in Fig. 9.11.

It has been shown that in some cases the spectrum of a 

visual pigment can be modified even without change of 

amino acid in the protein and without change of chromo-

phore, namely, by the concentration of chloride ions 

(Yamashita et al. 2013 and literature cited by them).

Returning to the human MW and LW pigments, one may 

wonder why their absorption spectra are not more different. 

Color vision would appear to be more efficient if they were. 

The difference between the LW (552 or 557 nm) absorption 

peak and that of the MW (530 nm) pigment is much smaller 

than between MW and SW (426 nm) pigment maxima. The 

difference between the human LW and MW pigments is much 

smaller than the difference between corresponding pigments 

in, e.g., the fruit fly Drosophila (in this animal the two pig-

ments absorbing at longest wavelengths peak at 420 and 

480 nm, respectively; in addition the fly has two pigments 

peaking in the ultraviolet). One explanation that has been pro-

posed is that the image-forming optics of the human eye has a 

large chromatic aberration and the effect of this is minimized 

if the spectra are not too different. The perception of shapes 

and position depends mainly on the LW and MW cones, and 

the focusing of an image on the retina is adjusted for the aver-

age of their wavelengths. The blue color is mentally “painted” 

into the outlines formed by these receptors. In the part of the 

retina used for the sharpest vision, the luteum has very few 

SW receptors and contains a yellow pigment which absorbs 

blue light. The similarity of LW and MW spectra makes good 

focusing possible. On the other hand, the small difference in 

the human pigments may be just a consequence of the fact that 

the gene duplication has occurred so recently, and evolution 

has not had time to result in a bigger difference yet.

Insects have a completely different system for image gen-

eration (Chap. 15), without the chromatic aberration prob-

lems, but the visual acuity of the fruit fly eye is much lower 

than that of the human eye.

What are the evolutionary pressures causing visual pig-

ment spectra to be tuned? Generally speaking, of course, 

color vision provides more information than monochromic 

vision. We prefer color television to black and white. 

According to Osorio and Vorobyev (1996) and Regan et al. 

(1998), the main importance of the differentiation into LW 

and MW pigments in primates has been to aid our forefathers 

in detecting fruits against a green background and judging the 

ripeness of fruits. This view has been questioned by Lucas 

et al. (1998) and Dominy and Lucas (2001), who provide evi-

dence that trichromatic vision is important for the selection of 

leaves at an optimal developmental stage for consumption. As 

for ultraviolet vision in birds, one well- documented advan-

tage for birds of prey is that UV vision allows them to see 

urine of rodents and thus to locate their whereabouts. 

Ultraviolet vision in birds is also important for recognition of 

plumage coloration of conspecifics and for detection and 

identification of edible berries (Siitari et al. 1999).

For insects depositing eggs on leaves, it is important to 

find the leaves and to judge their age and health status. It 

turns out that for this task a red-light receptor can be very 

important. Most insects do not have red-sensitive receptors, 

Table 9.4 Spectral effects of amino acid (aa) substitutions in human 

cone pigments

Position aa in MWP aa in LWP Δλ on change

180 Alanine Serine +6

277 Phenylalanine Tyrosine +9

285 Alanine Threonine +15

Fig. 9.11 Colors of the engineered rhodopsins produced by Wang 

et al. (2012). The numbers show the wavelengths of absorption maxima 

in nm. The free retinal (far left) is completely colorless
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but both sawflies (Peitsch et al. 1992) and moths (Kelber 

1999) that oviposit (lay eggs) on leaves do. Excitation of 

green-sensitive photoreceptors gives an attractive signal, and 

the red-sensitive receptors provide a contrasting, repelling 

signal. In the case of moths, their ultraviolet-, violet-, and 

blue-sensitive receptors probably play a role in their orienta-

tion and choice of leaves (young leaves are preferred). On 

the other hand, in selecting green leaves, vision probably 

does not play an important role in the discrimination between 

plant species; for this, chemical cues are more important.

The daylight penetrating deepest into the ocean is in the 

blue-violet region, and consequently the vision of deepwater 

fish is tuned to this wavelength band (Lythgoe 1984), while 

surface-living fish and fish in shallow freshwater have a 

visual sensitivity peaking, like ours, in the green spectral 

region (although the span of pigments in fish is much wider 

than ours, with pigment absorption peaks spanning from the 

ultraviolet to the red). Although also several bioluminescent 

deepsea fishes have maximum sensitivity in the blue-violet 

region (Fernandez 1978), others, who use their biolumines-

cence for environmental illumination, show remarkable 

deviations from this rule (Douglas et al. 1998, 1999). Other 

aspects of the connection between bioluminescence and the 

vision of deepsea fishes have been treated by Warrant (2000).

Deep-diving whales have rod pigments peaking at 

485 nm, while rod pigments of aquatic animals foraging 

closer to the surface (seals, manatees) peak near 500 nm. To 

the surprise of some investigators, none of six whale species 

and seven seal species possess SW cones (nor any LW 

cones), only MW cones (Peichl et al. 2001), with a pigment 

absorbing maximally around 524 nm (Fasick et al. 1998). It 

has been claimed that this means that they do not possess 

color vision (Peichl et al. 2001), but this may be jumping to 

a conclusion. Although color discrimination in whales has 

not been established, rods are saturated in strong light and 

cones useless in weak light; there may be intermediate depth 

and light levels where signals are obtained from both rods 

and cones and give whales and seals a dichromatic color 

vision (Fasick et al. 1998; Fasick and Robinson 2000). A 

corresponding phenomenon in humans was demonstrated 

many years ago through a very interesting experiment by 

John J. McCann and Jeanne L. Benton, described by Land 

(1964). They first illuminated a multicolored display with 

“monochromatic” (narrowband) light of 550 nm (500 nm 

would probably have worked as well), which was so weak 

that only the rods of a human observer were stimulated. Of 

course no colors could be discriminated under such circum-

stances. They then added a second narrowband beam of 

656 nm wavelength. The irradiance of this second light was 

adjusted so that only the LW cones were stimulated. Thus, 

only the rods and the LW cones were operative. Nevertheless, 

the observer was able to give names to colors in the display 

almost as if it was illuminated by natural daylight and all 

three types of cones had been stimulated.

Color vision is not restricted to di-, tri-, and tetrachromatic 

versions. The mantis shrimp (Osorio et al. 1997; Marshall 

and Oberwinkler 1999; Cronin et al. 2001) may have up to 16 

types of visual pigment, although this does not mean that it 

has a corresponding number of color channels. It also has the 

ability to further tune the sensitivity spectra of their receptors 

by color filters as required by the light environment they 

inhabit. These animals may live close to the water surface (in 

full daylight spectrum) or as deep as 30 m (in a restricted 

blue-light environment). All 16 types of light- sensitive pig-

ments may not correspond to separate sensory input channels, 

but no doubt they provide polychromatic vision.

Rhodopsins are used not only for vision but also for 

energy collecting by microorganisms. Proteorhodopsins, a 

group of rhodopsins widely spread among many microor-

ganisms, is particularly worth mentioning in this context. It 

is spectrally tuned to different habitats mainly by substitu-

tion at a single amino acid site (Man et al. 2003).

9.10  Tuning of Anthocyanins

Anthocyanins are the most common vacuolar pigments, giv-

ing color to many flowers, fruits, and autumn leaves. We may 

think of the cell sap of plant vacuoles as structureless and of 

interactions between anthocyanins and their environment as 

a dull subject, but if we do so, we are in error.

The great pioneer in the elucidation of chemical struc-

tures of plant compounds, Richard Willstätter, got a surprise 

when he compared the structures of the blue pigment of the 

cornflower (Centaurea cyanus) with that of the red pigment 

of a rose. He found that the pigments were chemically identi-

cal (he was not completely right, but that does not destroy the 

story). He thought that the difference in color came about 

from a difference in pH of the cell sap of the two plants. He 

was not right there either, but he got the main point—that 

anthocyanins can produce very different colors with practi-

cally identical chromophores.

The basic structure of an anthocyanin is shown in 

Fig. 9.12. The molecule consists of two fused six-membered 

rings connected to a third six-membered ring. A system of 

HO

OH

O

O

O

R5′

R3′

+

5
3

β-glycosyl

β-glycosyl

Fig. 9.12 The general structure of an anthocyanin in the flavylium cat-

ion form
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conjugated double bonds extends over all rings. The fused 

rings carry three hydroxy groups, one or two of which form 

glycoside bonds with sugar molecules, often glucose. The 

sugar-free compound (the aglycon) is called anthocyanidin. 

The anthocyanidin of red rose flowers is cyanidin and that of 

cornflower succinyl-cyanidin (so they are indeed closely 

related, and the little difference does not explain the color 

difference). Pure cyanin (the glycosylated cyanidin) is red in 

acid solution, and if it is made alkaline, the color changes 

towards blue, so it is understandable that Willstätter ascribed 

the color difference between roses and cornflowers to a pH 

difference of the cell sap. However, the blue color acquired 
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Fig. 9.13 An anthocyanin can 

exist in many different 

interconvertible molecular forms, 

as shown in this diagram: as 

different quinoidal bases anions 

or unionized quinonoidal bases, 

as flavylium cation, as hemiacetal 

(pseudo base), or as chalcone (E 

or Z form). Although hemiacetals 

and chalcones are colorless, they 

absorb ultraviolet radiation and 

can therefore appear colored to 

some animals. Their presence 

can also modify the hue of the 

colored forms
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upon alkalinization does not last long, the color fades away 

completely. This is because the molecule already, when the 

pH exceeds about 5, takes up water (Fig. 9.13). Furthermore, 

no plants are known with an alkaline cell sap, so the corn-

flower’s blue color must be explained in another way.

The R-groups in Fig. 9.13 are numbered according to the 

conventional numbering of the carbon atoms to which they are 

bound. The groups can all be hydroxyl and can also be hydro-

gen; methoxyl; a chelated metal ion, such as Fe3+ or Al3+; or a 

sugar or sugar derivative, while R3 and R5 can be a sugar or an 

acylated sugar. The equilibria between different forms depend 

on many things, such as the chelation with metal ions. In at 

least one case, it is also light dependent (Figueiredo et al. 1994).

The reason for the blue color of the cornflower rests 

in the phenomena of copigmentation and self-association. 

Copigmentation means that the color of the anthocyanin 

is influenced by other molecules in its environment. Self- 

association means that the anthocyanin molecule can associate 

with other anthocyanin molecules, and this also affects its color. 

Both self-association and associations between anthocyanins 

and uncolored phenolic compounds cause overlaps between 

the π-electron clouds of the individual molecules, and hence 

changes in the electron levels (Fig. 9.14). The concentration 

of anthocyanin in cell sap can exceed 20 mM, and this is more 

than sufficient for the molecules to associate to one another 

and sometimes form helical stacks through a combination of 

hydrophobic bonds between the rings and hydrophilic bonds 

between the sugar residues. These associations also prevent the 

formation of pseudo base, hence the bleaching of color that 

would otherwise take place at the pH prevalent in the cell sap.

Many different kinds of (uncolored) molecules and ions 

produce copigmentation effects with anthocyanins. The most 

important ones are some metal ions and colorless flavonoids 

(absorbing in the ultraviolet spectral region) and other phe-

nolic compounds. In the case of the blue cornflower pigment 

(Fig. 9.15), Fe3+ and Mg2+ have been reported as copigment-

ing ions and a flavone as copigmenting phenol. Anthocyanins 

having two ortho-hydroxy groups at the B-ring (the leftmost 

ring in Fig. 9.15) form blue chelate complexes with trivalent 

metal ions such as iron(III) and aluminum(III), but not with 

magnesium. This latter ion is, however, very important in 

some other cases.

Goto and Kondo (1991) have written a very readable 

account of copigmentation, illustrated with color pictures. 

They describe structures of several more complex anthocya-

nins, with aromatic groups attached to the sugar residues, and 

a particularly interesting case of pigment complex, commeli-

nin (rendering the blue color to Commelina communis). This 

consists of six molecules each of malonylawobanin (a com-

plex anthocyanin) and flavocommelinin (a flavone glycoside) 

arranged around two magnesium ions. The intense blue color 

is partly due to exciton coupling between adjacent anthocy-

anin units. The molecular mass of this complex is nearly 

1,000. Also chiral stacking (Fig. 9.16) can affect color.
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Fig. 9.14 The structure of gentiodelphin, schematic. In reality the mol-

ecule is more bent, so ring B closely overlaps the double ring A and the 

π orbitals of the ring systems fuse
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Fig. 9.16 An attempt to show the chiral stacking of delphin molecules. 

The sugar groups are omitted for clarity
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The importance of the sugar groups in anthocyanins lies 

not in a direct effect on light absorption, but in their contribu-

tion to the folding and ordering of the chromophoric groups 

such that overlaps of π-electron clouds can take place.

The color of anthocyanins is affected not only by their 

chemical environment but also by physical factors:  temperature 

and light. One summer day when one of the authors and his 

wife were having tea in their garden, she remarked that she 

had noticed how some flowers of a variety of Phlox paniculata 

had shifted color when they were reached by sunlight. He 

delivered a lecture on the psychology of color perception and 

the mistakes we can make, but she insisted. So we took the 

flowers to the lab and measured the reflection spectra after 

dark adaptation and after exposure to strong light for an hour 

(Björn et al. 1985). And indeed, the reflectance spectrum did 

change with light conditions. Color photos of the phenomenon 

have been published in Swedish journals (Björn 1985a, b). At 

the time we hypothesized that the color shift was caused by a 

light-activated proton pump in the tonoplast (the membrane 

surrounding the vacuole) which would change the pH of the 

cell sap. We attempted to show such a pH change using a 

white Phlox variety and artificial pH indicator dyes, but did 

not succeed. About a decade later, Figueiredo et al. (1994) 

demonstrated that the absorption spectrum of an artificial 

anthocyanin-like compound, 4′,7-dihydroxyflavylium chlo-

ride, could be reversibly affected, due to Z/E photoisomeriza-

tion, by ultraviolet  radiation (changing under irradiation from 

pale yellow to intense yellow), so it is possible that the color 

shift of our Phlox is due to an analogous phenomenon.

Thus, a number of factors can affect the color of 

anthocyanin- containing flower petals. Obviously the reason 

that plants have evolved colored flowers is that they attract 

pollinators. The pollinators also benefit from this, so a ques-

tion naturally arises: To what extent have flowers adapted to 

pollinator vision, and to what extent has pollinator vision 

(and mental capacity, such as long-term and short-term 

memory) adapted to flower colors?

Chittka and coworkers (Chittka and Menzel 1992; Chittka 

1996; Chittka et al. 1999; Chittka and Dornhous 1999) have 

studied this question. By comparison of color vision in vari-

ous arthropod groups, they claim to be able to follow the 

evolution of color vision in insect pollinators. Photoreceptors 

among most Crustacea and Insecta fall into three rather dis-

tinct spectral classes: ultraviolet receptors with maxima 

around 350 nm, blue receptors with maxima at 400–460 nm, 

and green receptors with maxima from 470 to 550 nm. All 

these types seem to be very ancient. In addition, a few groups 

have red receptors with maxima around 600 nm. Chittka and 

coworkers see little evidence of insect adaptation to flower 

colors and believe that the main adjustment has been of 

flower colors to insect vision.

Only a minority of pollinators, such as hummingbirds and 

some butterflies, have red-sensitive photoreceptors. However, 

it must be borne in mind that pollinators without such 

 receptors can see red flowers and distinguish them from 

other flowers and from green leaves.

The flowers of many plants vary in color with stage of 

development (Lunau 1996) and in this way signal to 

 pollinators when a visit will be rewarded Lunau (2004). Of 

particular interest are flowers that change color during the 

year in synchronization with the availability of different 

pollinators.

Fig. 9.17 A flower of creeping tormentil, Potentilla reptans photographed in visible light (left) and in UV-A radiation (right) (Photo by L.O. Björn)

L.O. Björn and H. Ghiradella
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What has been described here for flower colors has, to 

some extent, a counterpart in the coloration of fruits of plants 

which depend on animals for seed dispersal.

The ultraviolet receptors of insects make it possible for 

them to see patterns invisible to us. Figure 9.17 shows an 

example of such a flower pattern due to ultraviolet-absorbing 

flavonoids.
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10.1  Introduction

Structural colors are formed by the interaction of light with 

materials with very specific (and usually complex) micro- 

and nanoscale architecture; in biological systems, they are 

likely to occur in stiff, nonliving “biological materials.” 

These nonliving materials include arthropod exoskeleton, 

bird feathers, fish scales, mollusk shells (particularly their 

inner linings), and the like.

Structural colors come in several basic types: let us begin 

here with a discussion of iridescence. Iridescence is defined 

as a category of color that changes with the illuminating and 

viewing angles; it is abundant in the animal kingdom as bril-

liant, often metallic, colors characteristic of many birds, fish, 

insects, marine annelids, and other invertebrates; it has more 

recently also been described in plants (Glover and Whitney 

2010, Lee 2007).

Pioneering work on the subject was done by Mason 

(1923a, b, 1926, 1927a, b); since then, there has been an 

explosion of interest in these systems. Recent reviews 

include Fox (1976), Ghiradella (1991, 1998), Herring (1994, 

2002), Parker (1998, 1999, 2000), Srinivasarao (1999), 

Vukusic and Sambles (2003), Kinoshita and Yoshioka 

(2005a, b), Kinoshita et al. (2008), Prum (2006), Berthier 

(2007), and Kinoshita (2008, 2013).

Let us start by focusing on a particular iridescent form, 

the biological mirror. As those readers who have driven on a 

country road at night know, many night-active wild animals 

have efficient reflectors in their eyes, as do our favorite pets, 

dogs and cats. These reflectors, located in the back of the eye 

behind the retina, double the sensitivity of the eyes to light. 

They do this by throwing photons that have escaped absorp-

tion by the light-sensitive pigments during their first passage 

through the retina, back through the retina again to give it a 

second chance to absorb them.

Some light-emitting organs of marine animals have reflec-

tors like those behind the headlights of a car, which throw the 

light in a certain direction. Many fish scales act as “body 

mirrors” that reflect the downwelling daylight back towards 

the water surface, making it easier for their owners to avoid 

detection. There are even eyes that have mirrors as image- 

forming optical elements (Land and Nilsson 2002), some-

what analogous to astronomical reflecting telescopes.

These biological mirrors are built up of alternating layers 

of materials of high and low refractive index, forming a 

structure we call a “multilayer thin-film stack.” We have pre-

viously (Chap. 1) treated reflection at a single boundary 

between media with different refractive indices. When sev-

eral such boundaries are stacked upon one another, we can-

not simply compute the reflectance at each of them using 

Fresnel’s formulas (Section 1.9, in Chap. 1) nor compute the 

transmittance by taking their product for the following two 

reasons: (1) there will be multiple reflections of photons 

bouncing back and forth between the boundaries, and (2) 

there will be interference effects.

To understand how such complex mirrors function, we 

have to consider the phases of electromagnetic oscillations, 

which was not necessary for a single boundary. Phase and 

phase difference are usually expressed in angular measure 

(radians), where 2π radians (360°) correspond to a period of 

the electromagnetic oscillation. Reflection of light traveling 

from a medium of lower to one of higher refractive index dif-

fers in one important respect from reflection of light traveling 

in the other direction (Fig. 10.1): during reflection towards a 
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denser medium, the oscillation undergoes a phase change by 

π radians (180°). The detailed general treatment of reflection 

in multilayer stacks is complicated. We shall therefore focus 

here on some special cases, which are more easily understood 

and nevertheless demonstrate more general principles.

In addition to the multilayer stacks, we will describe some 

newly developing research, which is related to optical 

responses due to such completely different structures as reg-

ular arrangements of elements, on the one hand, and random 

(“spongy”) structures on the other. The former correspond to 

so-called photonic crystals, whose study has been advanced 

in a surprisingly quick manner after the concept was estab-

lished in the 1980s. However, in natural worlds, photonic 

crystals are found to be very common, appearing as the play 

of color in opal, brilliant wings in birds, and iridescent wings 

of butterflies and beetles, to name a few.

The spongy structural mode is related to a phenomenon 

called Tyndall blue or Rayleigh scattering and has long been 

believed to be the origin of non-iridescent blue colors of 

dragonflies and kingfishers. However, recent investigations 

have shown that even these colors are not due to simple light 

scattering processes, but are also related to the interference 

effect.

10.2  Reflection in a Single Thin Layer

Everyone is familiar with the reflections from soap films and 

knows that a range of colors can be produced by such reflec-

tion. In this case, we have a thin film of higher refractive 

index (approximately that of water) with the same medium 

(air) on both sides of the film. We can generalize this by con-

sidering a bulk medium of one refractive index, n0, on one 

side, a thin film with a different refractive index, n1, and on 

the other side a bulk medium with the third refractive index, 

n2 (Fig. 10.2). We refer to these three media as being of 

orders 0, 1, and 2, respectively. For the soap film case, the 

relation between these indices is given as n0 = n2 < n1. (A 

well-known example in which the relation n0 < n1 < n2 holds is 

the antireflective coating on a camera lens.) As we shall see 

later, we can treat these and similar cases with the same set 

of equations.

We denote the incidence angle by α0 and the angle of 

refraction in the film as α1; Snell’s law then gives the rela-

tionship n0 sin α0 = n1 sin α1, or sin α1 = n0 sin α0/n1.

The ordinary Fresnel reflection factors for a single surface 

between bulk media 0 and 1 (Chap. 1) are given as
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for light having the electric vector parallel to the plane 

of incidence (p-polarization) and perpendicular to it 

Low refractive index

High refractive index

Fig. 10.1 Reflections at an interface between media of higher and 

lower refractive index. Filled and empty circles denote opposite phases 

(i.e., phases differing by π radians) of the electromagnetic waves

Low refractive index
n0

Higher refractive index
n1

d

C

D

α0

α0

α1

A

B
Highest refractive index

n2

Fig. 10.2 Phase relations during reflection at two consecutive phase 

boundaries. The drawing is for the case n0 < n1 < n2, corresponding to, 

e.g., the antireflective coating on a camera lens. In this case phase rever-

sal takes place at both reflective surfaces, while with a soap film, the 

reversal takes place only at the first surface interacting with light
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 (s- polarization), respectively. These give the reflection coef-

ficients for power or intensity, and of course they are always 

represented by positive real numbers.

It turns out that for a thin film, due to the interference 

effect, not only these angle-dependent factors, but also 

another angle-dependent factor, has to be taken into account. 

This is a function also of the layer thickness (d), the vacuum 

wavelength (λ), and the refraction index (n1) of the film. To 

compute this, we first calculate the phase difference between 

the rays reflected from the first and from the second surface 

(Fig. 10.2). This phase difference can be thought of as com-

posed of four components. The first is due to the phase rever-

sal at the first surface. The phase difference is π radians for 

n1 > n0, as with the soap film and the camera lens, but it is 0 

for n1 < n0. The second is due to the longer distance (AB + 

BC) traveled inside the film with the refraction index of n1 by 

the ray reflected from the second surface. Therefore, the 

phase difference results in 2n1d(2π/λ)/cos  α1 radians. The 

factor 2 at the front stems from the fact that the ray reflected 

from the second surface traverses the film twice, and n1d is 

the “optical thickness” of the film, i.e., the geometrical thick-

ness corrected for the shortening of the wavelength of light 

in proportion to the refraction index.

The third component of the phase difference is due to 

 possible phase reversal during reflection at the second sur-

face. It is 0 in the soap film case, because n1 > n2, and π radi-

ans in the camera lens case, because  n1 < n2.

The fourth component of the phase difference is due to 

the shorter distance, AD, in Fig. 10.2, traveled in the n0 

medium. This phase difference is calculated as

 
AD AC⋅ ( ) = ⋅ ⋅ ( )n n0 0 02 2p l a p l/ sin /  

 
= ⋅ ⋅ ( )2 21 0 0d ntan sin /a a p l  
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1 1n d sin / / cosa p l a radians .  

If we calculate the phase differences between these two 

pathways, we obtain
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which directly corresponds to the total phase difference in 

the case of n0 < n1 < n2, because the phase reversal at each sur-

face is canceled, while in case of n0 = n2 < n1, we have to add 

π to the above formula, corresponding to the phase reversal 

at the first surface.

The Fresnel formulas given above, with expressions in 

squared brackets, represent intensity reflection coefficients. 

For many computations, however, it is advantageous to 

work with the corresponding unsquared expressions, so-

called amplitude reflection coefficients, describing the 

change in amplitude of the electric wave upon reflection 

(the energy of the wave is proportional to the square of the 

amplitude). These coefficients, in contrast to the intensity 

reflection coefficients, can be either positive or negative (if 

light-absorbing materials are involved, the amplitude 

reflection coefficient is represented by a complex number, 

but we shall not consider this case here). A negative ampli-

tude reflection coefficient means that the electric field 

changes direction during reflection, in other words, that we 

have a phase change of π radians. Therefore, when we do 

calculations based on the amplitude reflection coefficients, 

we do not have to worry about the phase changes of π radi-

ans during reflection, since they will come automatically 

with the sign of the amplitude reflection coefficient used.

The following QuickBasic program will compute the 

reflectance over a wavelength range of 0.3–1 μm for a thin 

film with refractive index n1 between media with refractive 

indices n0 (incidence side) and n2 (output side), respectively. 

In reality, the multiple reflection within the film generally 

takes place and effectively influences the reflection intensity 

when the refractive index of the film is much higher or the 

output side is replaced by a metallic substance. However, we 

neglect this effect and take only the first and second reflec-

tions into account. Furthermore, the refractive indices will 

generally vary with wavelength, but this has also not been 

taken into account. Thus, the reflectance of the single thin 

layer is expressed as

 
R r r r rs p s p s p s p s p, , , , , cos= ( ) + ( ) +01

2

12

2

01 122 d ,  

where r
01

s,p and r
12

s,p are the Fresnel amplitude reflection coef-

ficients corresponding to s- and p-polarizations for the inter-

face between the bulk medium 0 and the film 1 and those 

between the film 1 and the bulk medium 2, respectively. δ is 

the phase difference described above and is expressed as 

δ = 2n1d cos  α1(2π/λ). If we run on a Macintosh computer, the 

result will appear in the clipboard and can be transferred to 

other programs from there. If you wish to have the output in 

another form, line 200 should be modified accordingly, and 

for other computers and Basic dialects, modifications may 

have to be made.

INPUT “incidence angle in degrees =”, 
a0:pi = 3.14159: a0 = a0 * pi/180
INPUT “thickness of thin layer in microme-
tres =”, d
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INPUT “refractive index of medium 0=”, n0
INPUT “refractive index of thin layer= 
”, n1
INPUT “refractive index of medium 1=”, n2
sina1 = n0 * SIN(a0)/n1: a1 = ATN(sina1/
SQR(1-sina1 * sina1))
sina2 = n1 * sina1/n2: a2 = ATN(sina2/
SQR(1-sina2 * sina2))
50 :PRINT “Enter p for parallel (p) polar-
ization, s for perpendicular (s) 
polarization.”
PRINT “Polarization directions are of 
electric vector relative to incidence 
plane.”
INPUT “electric vector direction”, 
polarization$
IF polarization$ = “p” THEN 150
IF polarization$ = “s” THEN 100
PRINT “Mistake! Try again!”: GOTO 50
100 : r1 = (n0 * COS(a0)-n1 * COS(a1))/
(n0 * COS(a0)+n1 * COS(a1))
r2 = (n1 * COS(a1)-n2 * COS(a2))/(n1 * 
COS(a1)+n2 * COS(a2)):GOTO 170
150 :r1 = (n1 * COS(a0)-n0 * COS(a1))/(n0 
* COS(a1)+n1 * COS(a0))
r2 = (n2 * COS(a1)-n1 * COS(a2))/(n1 * 
COS(a2)+n2 * COS(a1)):GOTO 170
170 :OPEN “O”,1,“clip:"
FOR L = .3 TO 1 STEP .01
delta=4*pi * n1 * d/L*COS(a1)
I = (r1 * r1+r2 * r2+2 * r1 * r2 * 
COS(delta))
I = I/(1+r1 * r1 * r2 * r2+2 * r1 * r2 * 
COS(delta))
200: PRINT#1, I: NEXT L: CLOSE 1: END

We show in Fig. 10.3 the output of this program for a 

soap film (n1 = 1.33) of 0.33-μm thickness with n0 = n2 = 1, 

both for normal incidence (α0 = 0) and for 45° incidence 

angle; in the latter case for both polarizations. This film 

would look yellow in a perpendicular direction and bluish 

green in a 45° direction. Note that the reflection spectrum 

shifts to a shorter wavelength with increasing incidence 

angle, that there are in each spectrum several peaks corre-

sponding to phase shifts of integer multiples of 2π, and that 

for oblique angles, the s-polarized light is reflected better 

than the p-polarized light.

The wavelengths giving the maximum and minimum 

reflectance are easily obtained according to the value of cos δ 

and the sign of the product r
01

s,p r
12
s,p in the above formula. In 

the case of n0 = n2 < n1, for example, the conditions for the 

maximum and minimum reflectance are given as cos δ = − 1 

and cos δ = 1, because the sign of the product becomes 

 negative, which result in 2n1d cos α1(2π/λ) = (2m − 1)π and 

2n1d cos α1(2π/λ) = 2mπ, respectively. Thus, we obtain

l a amax ,= −( ){ } = −( ){ } − ( )4 2 1 4 2 1 11 1 1 0 1

2 2
0n d m n d m n n/ cos / / sin

l a amin / cos / / sin ,= ( ){ } = ( ){ } − ( )4 2 4 2 11 1 1 0 1

2 2
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where m denotes any positive integer and we have used the 

relation cos / sina a1 0 1

2 2
01= − ( )n n .

Next we run the program for a typical camera lens antire-

flective coating with n0 = 1, n1 = 1.38 (corresponding to mag-

nesium fluoride), and n2 = 1.89 (heaviest flint glass). The 

optical thickness (thickness × refractive index) of the layer is 

adjusted to correspond to one quarter wavelength of yellow 

light (589 nm) in the layer, i.e., (0.589/4)/1.38 μm (Fig. 10.4). 

The wavelengths giving the maximum and minimum reflec-

tance in this case are obtained by interchanging λmax and λmin 

in the above relations.

To obtain zero reflection with an antireflective coating on 

a lens, two conditions must be fulfilled: (1) the optical thick-

ness of the coating film must be equal to one quarter of the 

wavelength of light (or this plus an integer multiple of the 

wavelength), which can be achieved only for a certain wave-

length; and (2) the coating material must have a refraction 

index which is the square root of the product of the refractive 

indices of the outer medium (air) and the lens material (i.e., 

n n n1 0 2= ). In practice, compromises have to be made.

The reader might wonder what the construction of antire-

flective coating on a camera lens has to do with photobiology. 

The fact is that even some eyes, notably in the insect orders 

Lepidoptera and Diptera, have antireflective surfaces 

(Bernhard et al. 1965, 1968, 1970; Parker 1999, 2000; Yoshida 
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et al. 1996; Yoshida 2002; Stavenga et al. 2006a). In this case, 

however, the antireflective surface is not obtained by addition 

of a layer of material of a different refractive index, but by 

finishing off the bulk material with tapering “nipples” smaller 

than the wavelength of the light, which effectively provide a 

gradual change in refractive index from that of the bulk mate-

rial to that of air. The main biological advantage of the antire-

flective surface might be to make the bearer of the eyes less 

conspicuous by avoiding a shiny surface (“eyeshine”) 

(Stavenga et al. 2006) and to some extent to improve vision.

This type of antireflective surface, usually called “moth- 

eye structure,” has become one of the most advanced achieve-

ments of recently developing nanotechnology and has often 

been employed to reduce reflective loss at the surfaces of 

solar cells. The advantage of this “biological-inspired” antire-

flective coating lies in its extraordinarily wide angular and 

wavelength ranges, which cannot be achieved by simple film-

type antireflective coatings, even when two or more layers are 

employed. (It is also an example of “biomimicry,” an increas-

ingly important technological approach to design, to which 

we will briefly return towards the end of this chapter.)

10.3  Reflection by Multilayer Stacks

We shall now come to a more complicated case of multilayer 

stacks forming efficient biological mirrors with nearly 100 % 

reflectance. The most important case is that of normal 
 incidence. Eyes, for instance, are constructed such that light 

hits the retina, and therefore also the reflective backing of the 

retina, almost perpendicularly. However, using the computer 

program shown later, oblique incidence and both s- and 

p-polarizations can be handled.

Interference phenomena due to periodic multilayer stacks 

are qualitatively understood in terms of periodic piling of a 

pair of thin layers. Consider two layers designated as A and 

B with thickness d0 and d1 and refractive indices n0 and n1, 

respectively, as illustrated in Fig. 10.5. We will tentatively 

assume n0 > n1. If we consider a certain pair of AB layers, the 

phases of the reflected light at the upper and lower B-A inter-

faces both change by π radians, because the condition n0 > n1 

holds. Thus, the relation similar to the antireflective coating 

described in the previous section is applicable. Taking into 

account that the present system consists of two layers, the 

wavelength of maximum reflectance will be given as

 
l a amax cos cos / ,= +{ }2 0 0 0 1 1 1n d n d m  

with the angles of refraction in the A and B layers as α0 and 

α1, respectively.

Furthermore, if we consider only the A layer within the 

AB layer, the phase of the reflected light does not change at 

the A-B interface, while it does change at the B-A interface. 

Thus, an interference condition corresponding to the soap 

film case can be applied:

 
l amax cos / ,= −( )′4 2 10 0 0n d m  

where m ' is a positive integer satisfying the condition m ' ≤ m. 

If the above two conditions are simultaneously satisfied at 

the same wavelength, the reflected light from the A-B inter-

faces adds to that from the B-A interfaces so that the 

 multilayer will give the maximum reflectance. In particular, 
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Fig. 10.4 Reflectance of a lens of heaviest flint glass (n1 = 1.89) coated 

with a quarter-wave thickness (0.107 μm) of magnesium fluoride 

(MgF2, n1 = 1.38). Reflected fraction of the incident light is shown for 

normal incidence and for 30° incidence angle with different polariza-

tions. For comparison, the reflected ratio at normal incidence without 

coating is also shown. For oblique angles, even higher reflectance 

would be obtained without coating. The mixture of violet-blue and red 
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Fig. 10.5 Schematic illustration of multilayer stack. The dashed 

arrows indicate the phase reversal taking place during reflection. 

Complete constructive interference is obtained when the sum of (A) and 

(B) stacks is regarded as a film satisfying the thin-film interference con-

dition for antireflective coating, while a single (A) or (B) layer satisfies 

the soap- bubble condition
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the condition m = 1 and m' = 1 corresponds to the lowest-order 

reflection with the optical thicknesses of the A and B layers 

equal to each other. Land called this case “ideal stack” or 

“ideal multilayer” (Land 1972).

On the other hand, if the thicknesses of the A layers do not 

satisfy the latter relation, while the sum of the A and B layers 

satisfies the former one, the reflection at the A-B interface 

works more or less destructively so that the peak reflectance 

will decrease. This case is called a “non-ideal stack.” An ideal 

stack is effective to increase the reflectance, whereas its reflec-

tion band width is also increased considerably. On the other 

hand, a non-ideal reflection band width can be suppressed, 

which is often effective to show the color more clearly.

The following computer program is based on the treatise 

by Huxley (1968) and is in agreement with the example 

treated by Land (1966).

pi = 3.14159
INPUT “refraction index of medium and 
spaces”, na
INPUT “thickness of spaces, micrometres”, 
da
INPUT “number of plates = ”, p
INPUT “thickness of plates, micrometres”, 
db
INPUT “refraction index of plates”, nb
INPUT “incidence angle, degrees”, aa:IF 
aa = 0 THEN aa = .001:aa = pi * aa/180
sinab = na * SIN(aa)/nb:ab = ATN(sinab/
SQR(1-sinab * sinab))
27 : INPUT “choose polarization, p for 
parallel, s for perpendicular”, pol$
IF pol$ = “s” THEN 29
IF pol$ = “p” THEN 30
PRINT “MISTAKE! Try again!”
28 : GOTO 27
29 :r = SIN(aa-ab)/SIN(aa+ab):GOTO 31
30 : r = -TAN(aa-ab)/TAN(aa+ab)
31 :OPEN “O”,1,“clip:”
FOR L = .4 TO .85 STEP .001

(2 * pi/L) * db * nb * SQR(1- sinab * 
sinab)

(1-r * r)

IF kprim * kprim<1 GOTO 100
REM In the following case mu is real
mu1 = kprim+SQR(kprim * kprim-1)
mu2 = kprim-SQR(kprim * kprim-1)
90 :murat = mu1/mu2:IF murat>1 THEN murat 
= 1/murat

95 :m2 = (murat)ˆ p
RR= 1/(1+4 * m2 * (1-k * k)/(1-m2)/
(1-m2)):GOTO 200
100 :REM In the following case mu is 
complex

theta = ATN(SQR(1-costheta * costheta)/
costheta)
RR= 1/(1+(k * k-1)/SIN(p * theta)/SIN(p * 
theta))
200 :PSET(1000 * (L-.39),310-300 * 
RR):PRINT# 1,RR
300 :NEXT L:CLOSE 1
400 :FOR L = .4 TO .85 STEP .05
CALL MOVETO(1000 * (L-.39),310):CALL 
LINETO(1000 * (L-.39),320)
IF 10 * L<>INT(10 * L) THEN 500
CALL MOVETO(1000 * (L-.41),330): PRINT 
1000 * L;“nm”
500 :NEXT L
END

Figure 10.6 shows examples of the output of this computer 

program. Within a certain wavelength range, about 100 nm, the 

reflectance reaches nearly 100 % for only 20 high index layers, 

i.e., 40 interfaces, while it is lower outside this region and oscil-

lates with wavelength; the number of these oscillations 

increases with an increasing number of layers. In reality this 

results in shiny reflectance only within a certain wavelength 

range, which gives a colored appearance to the surface, as can 

be seen in, for instance, green and blue beetles.
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Although Huxley’s method of calculating the reflectance 

has the advantage of giving physical insight into such spec-

tral features as the reflection band width and the oscillatory 

structures, it has an essential difficulty in freely changing 

such parameters as thicknesses and refractive indices of the 

layers. For this purpose, a transfer matrix (Born and Wolf 

1959; Kinoshita 2013) and iterative methods (Kinoshita 

2008) are often employed, which are applicable to multilayer 

stacks of any kind, even when the repetitive structure is 

absent and the refractive indices of the incidence and output 

media are different.

The hue of the metallic shine due to a multilayer stack 

also shows a typical iridescent nature: the color changes with 

incidence and/or viewing angles (Fig. 10.7; see also 

Fig. 10.4). Common examples where this effect can be seen 

in Europe are the heads of male mallards, which change 

between green and blue depending on from where they are 

seen. However, the angle-dependent color changes do not 

result only from the multilayer construction; there are also 

many examples where gratings (Chap. 3) produce the color-

ful effects (Pfaff and Reynders 1999; Srinivasarao 1999). 

Some of these latter include plants: for example, Glover and 

Whitney (2010) report that in several species of plants, epi-

dermal cells are elongated and flat, with ridged cuticle that 

acts as a diffraction grating. In these cases, the iridescence 

often seems to be in the UV. In the rock dove, the color of the 

neck feather changes between green and purple, which is due 

to a single thin-layer mechanism at the outer cortex of the 

barbule (Yoshioka et al. 2007).

The structural color of the jewel beetle, Chrysochroa 
fulguidissima, is an excellent example of spectral tuning 

due to a multilayer stack. As shown in Fig. 10.8a, its elytra 

show shiny metallic green with copper-brown stripes on 

them. The peaks of the reflection spectra for green and cop-

per-brown regions of the elytra were reported to be 550 nm 

and 750–950 nm, respectively (Hariyama et al. 2005). The 

electron microscopic observation showed that the epicuti-

cle located just below the elytron surface was covered with 

several alternate layers of electron-dense and electron-

lucent regions as shown in Fig. 10.8b. The reflection spec-

trum calculated using the wavelength-dependent refractive 

indices determined recently was actually in good agree-

ment with that of the experiment (Yoshioka and Kinoshita 

2011).

A tropical fish, the neon tetra, gives another interesting 

example. The iridophores, pigment cells containing multi-

layer stacks of guanine crystal plates, located under a blue 

stripe of a neon tetra have been extensively investigated since 

the 1970s (Lythgoe and Shand 1982; Nagaishi and Oshima 

1992). It has been shown that a pair of stacks is present 

within each iridophore and in each stack are included many 

hexagonally shaped guanine platelets (see Fig. 10.9), which 

are enclosed by membranes and arranged regularly with a 

constant inclination angle to the surface. The inclination of 

the platelets may be effective to reflect light in a horizontal 

direction when illuminated from a dorsal direction. Thus, the 

color of the stripe is a typical case of multilayer 

interference.

The noteworthy point in this system is that its color 

changes from violet (under dark conditions) to yellow (under 

bright illumination) with the ambient light and also with the 

physiological conditions. Two major mechanisms have been 

proposed for this change: one is a change in the spacing 

between the platelets (Lythgoe and Shand 1982) and the 

other is a change in their inclination angle (Nagaishi and 

Oshima 1992) (see Fig. 10.9c). Recent experimentation has 

proved that the latter mechanism, called the “Venetian blind 

model,” is more suitable to explain the experimental results 

(Yoshioka et al. 2011).

There exist other cases of “tunable” reflectors in the natu-

ral world. Hinton and Jarman (1972, 1973) describe beetles 

that can change color quickly by shifting between air and 

liquid in the cuticle; something similar is reported in the 

Panamanian tortoise beetle (Vigneron et al. 2007). Here 

there are within the elytra and elsewhere “chirped” layers of 

cuticle (see below) that have within them porous patches that 

can reversibly hold fluid. When the system is hydrated, it 

reflects a multilayer-based gold color, but when dehydrated, 

it becomes translucent and reveals an underlying red (non-

structural) color. In other words, the system is reversibly 

deploying an iridescent screen.

A different mechanism, and one that is an exception to the 

rule of “nonliving materials” providing biological iridescent 

colors, is reported in the color-bearing iridocyte cells of cer-

tain squids (DeMartini et al. 2013). These cells have at their 
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surfaces deep grooves that contain extracellular channels 

separating fingerlike cellular lamellae. By a reversible chem-

ical cascade involving phosphorylation and condensing of 

reflecting proteins, the system can change lamella size and 

hence color from transparent through a spectrum from red to 

blue, or back again.

a bFig. 10.8 (a) Jewel beetle, 

Chrysochroa fulgidissima, and 

(b) an electron micrograph of the 

multilayer system located 

beneath the elytron surface [the 

copper-brown striped part in 

(a)]. Scale bar: 500 nm 

(Reproduced from Yoshioka and 

Kinoshita 2011)

RP

Reflecting
platelet
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b
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Nucleus
Dorsal side

model 1 

model 2 

Fig. 10.9 Schematic illustrations of (a) a neon tetra and (b) its irido-

phore, which contains mainly two stacks of the thin light-reflecting 

platelets (RPs) (Reproduced from Nagaishi and Oshima (1992), with 

permission). (c) Two models for the color change due to the reflecting 

platelets are explained: model 1 represents the change of the spacing 

between platelets and model 2 that of the inclination angles
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In those cases where high reflectance takes place over a 

wider wavelength range, such as often from the tapeta of 

eyes, this can be achieved in a number of ways. One mirror 

with high reflectance in one wavelength band (i.e., with one 

spacing and thickness of high index plates) can be positioned 

behind another with a different spectral tuning. Or the dimen-

sions of the layers can be continuously varied from wide to 

narrow (“chirped layers”) or have “chaotically” varying 

dimensions. An example of an animal in which layer thick-

ness is varied in a way referred to as “doubly chirped” (thick-

est layers in the center) is the silverfish (Large et al. 2001). In 

the herring, neutral, silvery reflectance is obtained by a com-

bination of different body surface scales reflecting red, green, 

and blue wavebands (Denton and Land 1971).

Chemical compounds employed for the layers of high and 

low refractive indices have a wide variety, depending on the 

organisms involved. For example, the combination of gua-

nine and aqueous solution is generally used in animal eyes 

and also in skins of fish, lizards, and frogs; similarly, melanin 

and cuticle are used in beetle wings, cuticle and air in but-

terfly wings, and cellulose and aqueous solution in plants.

10.4  Reflection Based on Photonic Crystals

We have been reviewing so far structural colors as more or 

less traditionally described, single thin-film or multilayer 

stacks, but in the 1980s, there appeared in the literature a new 

phrase, “photonic crystal,” to describe many of the materials 

displaying structural color effects. As this concept was 

developed, these photonic crystal materials were classified 

as one, two, or three dimensional (1D, 2D or 3D); the multi-

layer thin-film stacks qualify as 1D photonic crystals, and 

despite the complexity of our optical treatment above, these 

are considered the optically simplest ones.

2D and 3D photonic crystals selectively reflect light 

within certain wavelength ranges (“photonic band gap”) 

while transmitting others. Where one to punch a regular 

array of minute holes in a film, one would have a 2D pho-

tonic crystal. Biological examples of such iridescent 2D pho-

tonic crystals are found in marine polychaetes (Parker et al. 

2001), barbules of bird feathers (Prum 2006), hairs of the 

comb rows of certain ctenophores (Welch et al. 2005), and 

butterfly scales (Vukusic and Hooper 2005). The ctenophores 

are especially interesting in that the comb bases rest above 

the light organs of the animals, and the hairs are apparently 

simultaneously producing reflected color from incident light 

and transmitting the bioluminescence from the light organs 

out into the environment.

3D photonic crystals abound in nature. The mineral opal 

consists of silica spheres that pack into a 3D face-centered 

cubic (fcc) lattice; their band gap structure produces their 

iridescent colors. Analogous structures show up in insect 

scales, notably in those of certain butterflies (Morris 1975; 

Ghiradella 1984a, 1985, 1989, 1998) and beetles (Ghiradella 

1984b, 1998; Parker et al. 2003).

The origin of the photonic band gap is qualitatively 

explained, most simply by using a 1D photonic crystal as 

follows: when a light wave propagates within an alternately 

layered structure with different refractive indices, the light 

wave will be partially reflected and partially transmitted at 

the interfaces between these layers. The light waves thus 

generated will propagate to the right and left directions in 

Fig. 10.10 and will interfere with each other to form a stand-

ing wave. We consider a case where the wavelength of a 

light wave within the layers is equal to twice the period of 

the layers. If the antinode of the standing wave thus created 

coincides with a high refractive index part, the energy of 

electromagnetic wave will be the highest, while in the oppo-

site case, it will be the lowest. Thus, for a single wavelength, 

at least two defining energy values, corresponding to the 

edge energies of the photonic band gap, will be realized.

When the thickness of one layer becomes narrower than 

that of the other, the overlap of the standing wave with the 

layered structure will be incomplete, so that the energy sepa-

ration and hence the band gap width will be smaller. It is 

also expected that if the difference of the refractive indices 

becomes small, the band gap width will be smaller as well. 

Thus, a sufficient band gap for a visible effect is produced 

only when the refractive index contrast is large enough 

and the optical thicknesses of these two layer types are 

comparable.

The above idea can be used to qualitatively predict the 

presence of the photonic band gap in 2D and 3D photonic 

crystals. Consider a case where filled circles are located at 

no > n1

a

b

Fig. 10.10 Schematic illustration to explain the origin of the band gap. 

The light waves propagating to the right and left directions interfere 

with each other to form a standing wave. Consider a case where the 

wavelength of the light is twice the periodicity of the structure. (a) If the 

antinode of the standing wave is coincident with the high refractive 

index layer (n0), the electromagnetic energy will be the highest, while 

(b) if it is coincident with the low refractive index layer (n1), the energy 

will be the lowest; these together give the highest and lowest energy 

limits of the photonic band gap
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square lattice points as shown in Fig. 10.11a. When light 

is incident on the surface of this 2D photonic crystal from 

direction (a) or (b), the light wave experiences spatial 

variation of the refractive index during its propagation. 

The spatial average of the refractive index along the direc-

tion perpendicular to the propagation direction is easily 

calculated as shown in Figs. 10.11b (a) and (b), where the 

light is assumed to be incident (a) normally and (b) 

obliquely into the crystal lattice (here, we do not take the 

refraction at the surface of the photonic crystal into 

account). It is clear that the refractive index variation is 

distinct in case (a), particularly when a = 0.3 ~ 0.5, where 

a is the radius of the circle with the lattice constant b set 

at unity. In contrast, the variation is small in every radius 

for case (b). Thus, when the radius of the circle is suffi-

ciently large, the refractive index contrast is strongly 

dependent on the direction of the light propagation. In 

fact, the band calculation for the refractive index of filled 

circles of n = 1.5, with n of the medium set at 1.0, shows 

that the photonic band gaps are open only in case (a) and 

not in case (b).

The band gap characteristics of 2D and 3D photonic crys-

tals are of current interest to the communications industry, 

which seeks to develop hollow-core versions for more effec-

tive optical transmission fibers (another example of biomim-
icry). In such designs, the crystal cladding controls light 

leakage, while the air-filled core (n = 1) will transmit light 

faster than is now possible with glass fibers. Iridescent 

hollow- core photonic fibers are known from such biological 

systems as butterflies (Ghiradella 1994, 1998) and the sea 

mouse, Aphrodite, (Parker et al. (2001), among others.

We will first consider the barbules of the peacock, one of 

the most well-known avian species displaying structural col-

ors. The colors of peacock feathers have attracted a great 

deal of scientific attention for more than 300 years and are 

now known as typical examples of biological photonic crys-

tals. Since the early observations by Hooke (1665) and 

Newton (1704), it was in the twentieth century that more 

detailed observation was carried out by Mason (1923b) and 

then by Durrer (1962).

As shown in Fig. 10.12a, a feather barbule of peacock is 

somewhat curved along its long axis and slightly twisted 

from the root. Each barbule has the shape of connected seg-

ments of a typical size of 20–30 μm, the surfaces of which 

are smoothly curved like a saddle (Fig. 10.12b). The sophis-

ticated color-producing structure in the peacock’s feather 

(Fig. 10.12c) was first observed by Durrer (1962) using an 

electron microscope. It was found that below a cortex surface 

layer, a total of 3–11 layers of melanin rods (0.11–0.13 μm in 

diameter and ~0.7 μm in length) were arranged to form a 2D 

quasi-square lattice (Fig. 10.12c, d) (Zi et al. 2003). At the  

center of each lattice, a small air hole was present with 

increasing size towards the lower layers as shown in 

Fig. 10.12e. The medullary region of the barbule was filled 

with keratin with a small number of randomly distributed 

melanin rods and air holes. Durrer found that the rod-to-rod 

distance perpendicular to the surface correlated with the 

apparent color of a feather, while that parallel to the surface 

did not show such a correlation.

Natural photonic crystals are found in a more complete 

form in butterfly wings. We will explain a small lycaenid 

butterfly, Callophrys rubi, as an example. This butterfly is 

distributed widely in Eurasia and in North Africa and first 
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received attention by Onslow (1920, 1923). He noticed that a 

reflective scale of this butterfly showed irregular polygonal 

dark patches when observed under transillumination, hence 

the descriptor “mosaic scale” by Schmidt (1943). Afterward, 

the microstructure of this mosaic scale was investigated elec-

tron microscopically by Morris (1975). He observed that 

each polygonal grain, seen as a mosaic patch, was 5.4 μm in 

mean diameter and consisted of a simple cubic network with 

a lattice constant of 0.257 μm.

Ghiradella and Radigan (1976) also made an electron 

microscopic observation of the scale and observed a 3D pho-

tonic crystal that they interpreted as being cubic close 

packed, although it may in fact be a related form (see below). 

In any case, the elaborated structures in the interior of the C. 
rubi scales are now well known as typical examples of 3D 

biological photonic crystals, and the mosaic patches first 

observed within each scale about 100 years ago correspond 

to crystal domain structures having different lattice 

orientations.

Recently, it has been reported that these photonic struc-

tures can be expressed by a simple gyroid minimal surface, 

which is observed for block copolymer systems as a thermo-

dynamically stable structure (Michielsen and Stavenga 2008; 

Saranathan et al. 2010). A gyroid is an infinitely connected 

3D curved surface represented approximately by a mathe-

matical expression

 
g x y z t, , ,( ) =  

with

 
g x y z x y y z x z, , sin cos sin cos cos sin ,( ) = + +

which divides a 3D space into two according to a condition 

of g(x, y, z) > t or g(x, y, z) < t with t as a parameter. We show 

the examples of curved surface calculated for various t’s in 

Fig. 10.13. If a space defined by g(x, y, z) < t corresponds to 

a cuticle network, and that defined by g(x, y, z) > t to a remain-

ing air space, the photonic crystal structures found in the 

scales of various kinds of butterflies can be expressed fairly 

well by this formula. t in this case corresponds to a filling 

factor of cuticle network and it was reported that for C. rubi, 
t ranged − 1.4 < t < − 1.0, corresponding to the filling factor 

0.16–0.26 (Michielsen and Stavenga 2008).

This proposal was experimentally confirmed by the com-

parison of calculated cross sections with TEM or SEM 

images (Michielsen and Stavenga 2008), by that of the 

reflection spectrum with the band calculation (Michielsen 

and Stavenga 2008; Poladian et al. 2009), by the finite-differ-

ence time-domain (FDTD) calculation (Michielsen et al.  

2010), and also by the diffraction patterns obtained in small-

angle X-ray scattering studies (Saranathan et al. 2010). 

Although these comparisons are not complete at the present 
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Fig. 10.12 Peacock, showing 

iridescent feathers. (a) part of 

feather barb, showing barbules, 

(b) segments of barbule, (c) cross 

section, and (d) fractured view of 

single barbule (Yoshioka and 

Kinoshita (2002); Kinoshita et al. 

2008). (e) Schematic illustration 

of the internal architecture of the 

barbule with melanin rods (mr) 

and air holes (ah) (Reproduced 

from Durrer (1977), with 

permission)

t = –1.3 t = –1.0 t = –0.7

Fig. 10.13 Examples of gyroid 

structure for t = − 1.3, − 1.0, and 

− 0.7
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stage, they are expected to become clues to solving the prob-

lem of how these elaborate structures are formed during the 

pupal period of the butterflies.

10.5  Coloration Due to Random Structures

10.5.1  Rayleigh Scattering

The scattering of light does not in principle require regular 

structures to produce structural colors, and so it can be a 

most important source for colors with mechanisms com-

pletely different from those of thin-layer or photonic-crystal 

types. Light scattering is considered a light emission phe-

nomenon due to an induced oscillating dipole under light 

illumination which emits light uniformly in different direc-

tions, so that it is basically non-iridescent; the color does not 

change with viewing angle. Thus, scattering has been thought 

of as a cause of bluish colors without directionality, which 

effect is generally found in a wide variety of random media. 

For example, the origin of the blue sky is explained as due to 

light scattering by atmospheric microparticles (Rayleigh 

1871a, b), later called Rayleigh scattering. The pale bluish 

color of a suspension involving small colloidal particles is 

known as Tyndall blue. The blue or bluish color in these 

cases is based on the fact that scattering efficiency is propor-

tional to the fourth power of light frequency and hence to an 

inverse of the fourth power of wavelength (inverse-fourth- 

power law).

Rayleigh scattering (see Chap. 1) is only applicable to a 

case where the particle size is sufficiently small as compared 

with the wavelength of light. When the particle size becomes 

larger, the deviation from the inverse-fourth-power law 

becomes remarkable and the light scattering in the visible 

region becomes enhanced. This is called Mie scattering, 

named after the research done by Mie (1908) on light scatter-

ing by metallic colloidal particles. With increasing particle 

size, the scattering direction largely changes from that of 

uniform Rayleigh scattering to that characterized by strong 

forward scattering (see Born and Wolf 1959).

In the past, Tyndall blue frequently appeared in the litera-

tures as a typical example of a non-iridescent structural 

color. Mason (1923a, 1926) considered the colors of some 

birds and insects as due to Tyndall blue and used as exam-

ples the feather of a blue jay and the body/wing of a dragon-

fly. He proposed six necessary conditions for a medium to 

show the Tyndall blue: (1) inhomogeneities in the refractive 

index, (2) dimensions comparable to the wavelength of 

light, (3) blue scattering and red transmission, (4) size-

dependent saturation of the blue color, (5) polarized scatter-

ing, and (6) inverse proportionality to the fourth power of 

wavelength.

Frank and Ruska (1939) applied the first commercially 

available electron microscope to investigate the feathers of 

the ivory-breasted pitta and the turquoise tanager, which 

were known to display Tyndall blue. Within barbs of the blue 

feathers, they found spongy structures consisting of keratin 

and air at the inner region of the medullary cell. Later, more 

detailed observation on the spongy structure was made by 

Schmidt and Ruska (1962) on several avian species. They 

reported that the spongy structure sometimes appeared to 

consist of numerous spherical or oval vacuoles, now called 

the spherical type, while at other times, they showed a net-

work structure consisting of hard sticks and air holes, now 

called the channel type (Noh et al. 2010).

These spongy structures are now known to be widely dis-

tributed in avian species: kingfisher, parakeet, cotinga, jay, 

manakin, and bluebird are the well-known examples of this 

type. Until recently, however, it was generally believed that 

the Tyndall blue is the only cause for the blue colorations in 

these spongy structures. Yet, there were only a few reports to 

accurately measure the reflection spectrum, its angular 

dependence, and the polarization characteristics, which were 

the necessary conditions for Tyndall blue as proposed by 

Mason.

10.5.2  Coherent Scattering

However, it was gradually recognized that the light scatter-

ing was somehow modified and contributed effectively to 

animal colors. The first implication of the presence of inter-

ference phenomena on this problem was made by Raman 

(1934), who threw doubt on Tyndall scattering in the feather 

of an Indian roller. He found that the barb contained a series 

of cells whose colors varied from cell to cell. Further, he 

noticed that when the barb was fully damp, the dark blue 

changed into bright green and the light blue into light red. He 

compared these results with light scattering known for par-

ticles of various sizes and concluded light scattering does not 

suffice as explationation.

Dyck (1971) performed anatomical and optical investiga-

tions of the feathers of the rosy-faced love bird and plum- 

throated cotinga (Cotinga maynana). He found that the inner 

part of a barb was completely filled with a spongy structure, 

which consisted of a 3D network of connecting ca. 

0.1-μm-wide keratin rods, which supported empty spaces 

~0.1 μm in diameter. He investigated the spongy structures in 

various avian species and found that the widths of the rods 

and air spaces were strikingly uniform in size, while their 

orientations were definitely random. Furthermore, he found 

that the reflection spectrum showed a clear peak, which 

could not be explained in terms of the Rayleigh/Tyndall scat-

tering (Fig. 10.14).
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Prum et al. (1998) played a decisive role in the solution of 

this problem. They employed a spatial Fourier transforma-

tion of a TEM image of the medullary spongy structure in the 

blue feather barbs of C. maynana and found a clear ring 

structure around the origin in wave vector space (see 

Fig. 10.14c for an example). If spongy structures with a wide 

variety of sizes are distributed, a Gaussian-like distribution 

would be obtained around the origin. The presence of a ring 

structure clearly indicates that a characteristic size of the net-

work actually exists, which presumably corresponds to the 

reflection maximum.

Prum et al. (1998) simulated the reflection spectrum using 

the 2D Fourier power spectrum by averaging it radially and 

converting the radius of the ring into the peak position of the 

reflection spectrum, using the average refractive index. The 

result was in fairly good agreement with the experiment. They 

applied this method to the feathers of various other avian spe-

cies (Prum et al. 1999a; Prum 2006) and to avian and mam-

malian skins (Prum et al. 1999b; Prum and Torres 2003, 2004), 

which appeared as quasi-ordered arrays of parallel collagen 

fibers, and found a similar spatial order.

Thus, it is now clear that the spongy structures generally 

possess a characteristic size which actually contributes to the 

generation of a well-defined reflection peak through con-

structive interference; Prum et al. (1998) called the light scat-

tering of this type coherent light scattering. It also becomes 

clear that these structures are widely distributed in the ani-

mal kingdom, particularly in birds and insects. Their struc-

tural units appear sometimes in a form of a network and 

sometimes as randomly distributed spheres. These findings 

are quite important because the structure actually possesses 

short- range order, which induces the interference of light by 

enforcing reflection in a particular wavelength range.

Recently, Dufresne et al. (2009) employed small- angle 

X-ray scattering (SAXS) to analyze the spongy structures in 

various feather barbs and found similar ring structures both 

for channel and spherical types, as shown in Fig. 10.15. They 

found that the ring structure generally consisted of a definite 

ring, which was followed by a tail or a weak second ring 

outside the main ring (see Fig. 10.15c, d). Since the scatter-

ing efficiency of X-rays is very low, the structural informa-

tion is directly obtainable without being disturbed by 

multiple scattering, which will thus be comparable with the 

Fourier analysis performed by Prum et al. (1998).

Further, Noh et al. (2010) measured the reflection spectra 

under various optical configurations and found that under 

directional lighting, the feather barbs were surprisingly irides-

cent, while under omni-directional illumination, they were 

actually non-iridescent: the reflection spectrum was evidently 

independent of the angle of incidence, if the refraction at the 

a

bc

Fig. 10.14 (a) A common 

kingfisher, Alcedo atthis: (a) 

Barbs, (b) cross-section view of a 

fractured barb, (c) 2D Fourier 

image of the TEM image of its 

spongy structure (Reproduced 

from Kinoshita and Yoshioka 

2005b)
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surface was properly corrected, and was dependent only on an 

angle between the directions of incidence and reflection. The 

authors attempted to reproduce the reflection spectrum from 

the SAXS pattern and obtained good agreement with respect to 

the main ring when the average refractive index was set at 1.25.

From the standpoint of spectral tuning, the spongy struc-

ture gives rather weak tuning capability, because its color-

ing mechanism is essentially based on random structure 

that is slightly modified by the presence of short-range 

order. However, it offers a special effect as compared to the 

ordinary interference-type structural color: the important 

point is that it is basically non-iridescent, so it does not 

show directionality, which eventually prevents the lustrous 

appearance. On the other hand, this rather passive mecha-

nism results in the degradation of the reflection efficiency, 

which is,  however, compensated for by placing dark pig-

ments below the spongy structure. Thus, the interplay of 

pigmentary and structural colors is essential in this system, 

as it is in others, for example, the deep blue thin-film reflec-

tive scales of many of the Morpho butterflies (see below).

10.6  Diversity of Structural Colors

10.6.1  Morpho Butterflies

Very complicated structures, in which both multilayer inter-

ference and grating effects contribute to colors, have been 

often observed in nature, especially in the scales of butterfly 

wings (Ghiradella 1994, 1998). The most remarkable exam-

ple is the Morpho butterfly inhabiting the New World from 

Central to South America. The wings of this butterfly display 

striking, even metallic, blue and have been attracting scien-

tists’ interest from the nineteenth century. Their surprisingly 

elaborate microstructures became clear just after the inven-

tion of electron microscope (Anderson and Richards 1942, 

Gentil 1942). The most remarkable features in the optical 

response of their wings are that while they strongly reflect 

the blue light, the reflection direction spreads widely but 

only within a plane nearly perpendicular to the ridge direc-

tion on the scale (the ridges are longitudinal folds projecting 

from the obverse surface of most butterfly scales) (Vukusic 

a b

c d

Fig. 10.15 Electron 

micrographs of feather barbs of 

(a) channel-type male eastern 

bluebird (Sialia sialis) and (b) 

sphere-type male plum- throated 

cotinga (Cotinga maynana), and 

the corresponding small-angle 

X-ray scattering patterns, (c) and 

(d). Scale bars are 500 nm for 

(a) and (b), and 0.025 cm−1 for 

(c) and (d) (Reproduced from 

Dufresne et al. (2009), with 

permission)
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et al. 1999, Kinoshita et al. 2002a, b). Various models have 

been proposed so far and numerical calculations of diverse 

kinds have been performed to elucidate the mechanism of 

this blue reflection (Gralak et al. 2001; Kinoshita et al. 

2002b; Plattner 2004; Zhu et al. 2009; Lee and Smith 2009).

It is now generally understood that the strongly blue and 

widely spreading reflections are caused by a unique scale 

ridge structure. As shown in Fig. 10.16b, the ridges are 

densely distributed at intervals of ~1 μm on a scale; they 

extend longitudinally for almost the full length of the scale. 

Each ridge has stacks of thin shelves, or lamellae, which 

project alternately from each side as shown in Fig. 10.16b; 

these and the air spaces between them form the mirror. This 

unique structure causes the miraculous balance of a multi-

layer interference and diffraction effect that is restricted to a 

plane perpendicular to the ridge direction (Kinoshita et al. 

2002a, Kinoshita 2013). Further, the alternately configured 

lamellae can be regarded as obliquely inclining lamellae and 

enhance the backscattering when illuminated from oblique 

directions. This will make the blue wing more vivid without 

being disturbed by the specular reflection (Kambe et al. 

2011). The color of the wing is largely affected by underly-

ing melanin layers, which absorb the light other than blue, 

thereby ensuring the deep blue color. Lacking such underly-

ing pigment, the scales are translucent and “pearlescent,” 

with only a pale blue color (see Fig. 10.16a). Thus, plenty of 

architectural designs in addition to cooperation with pigment 

bestow such a beautiful color on this butterfly and on other 

reflective creatures.

10.6.2  Liquid Crystals

There exists in nature yet another class of structural color 

mechanism. Chemists have long known that certain liquid 

crystal molecules orient themselves in certain very specific 

fashions. One such is the so-called “helicoidal,” “choles-

teric,” or “chiral” arrangement: the molecules are arrayed 

such that their orientation precesses, being in each layer 

slightly rotated with respect to those in the layer below. The 

thickness of the layers and the direction (“chirality”) of the 

rotation can be tunable, and if tuned properly, they will pro-

duce structural colors that are analogous to multilayer stack 

colors.

Many thermometers using this type of liquid crystal are 

on the market; these work by reversibly changing their colors 

when the temperature is increased or decreased (thereby 

changing the thickness of the “layers” and hence the optical 

properties). A similar phenomenon occurs in biological sys-

tems; if collagen, chitin, or other biological fibrils are 

arranged in a regular helicoid fashion, the system can be 

tuned to produce color; this is the basis for the iridescent 

cuticles of many beetles, flies, and other insects  

(for reviews, see Neville 1993 and Srinivasarao 1999; see 

Lee 2007 for a discussion of this mechanism in plant color-

ation). The light reflected from these helicoid arrays is circu-

larly polarized; the chirality of biological systems has 

seemed uniformly to reflect left-circularly polarized light, 

but at least one beetle has found a way to simultaneously 

reflect both left and right circularly polarized lights (Caveney 

1971).

10.6.3  Interplay with Pigments

Let us bring the pigments back into play by noting that many 

organisms combine structural and pigmentary colors to get 

additional special effects. In birds, green plumage is often 

achieved by combining a structural blue color with a pigment 

yellow. As described above, in many, but not all, blue Morpho 

butterflies, a pigmentary “backing” intensifies the structural 

blue color by absorbing unwanted light entering the reflect-

ing structures, because the wavelengths of such light are 

located in a range other than blue, are also likely to be out of 

phase with the “functional” light, and would dilute the purity 

of the interference color. In a species of Morpho butterflies, 

white spots on the wing are produced simply by removing 

the backing pigments in these areas, while the elaborate 

a bFig. 10.16 (a) Morpho 
sulkowskyi and (b) scanning 

electron microscopic image of a 

cross section of a reflective scale
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microstructures are left untouched (Yoshioka and Kinoshita 

2006). Since, after passing the reflecting structure, light of 

wavelengths other than blue is scattered by the underlying 

wing membrane and scales on the reverse side, it comes back 

to the obverse side without directionality and is perceived by 

the viewers as white spots on the wing.

10.6.4  Whiteness and Transparency

The biological world has a few additional ways of handling 

light. Scattering produces brilliant whites (Vukusic et al. 

2007) and may yield more complex effects, especially if the 

combined optical behavior of all scales in a wing transect is 

taken into account (Stavenga et al. 2006b) or if structures and 

pigments interact to produce “emergent” optical effects 

(Rutkowski et al. 2005; Morehouse et al. 2007). And of 

course there is transparency, a highly effective technique for 

evading predators. We have already mentioned antireflective 

coatings, in particular the nipples that allow clearwing moths 

to become essentially invisible against any background 

(Yoshida et al. 1996; Yoshida 2002). But invisibility is best 

understood in the open seas (see Herring 2002, Wilson and 

Hastings 2013 for review), where there is no place to hide. 

Coelenterates and ctenophores may build bodies largely of 

transparent jelly, but arthropods and vertebrates must have 

muscles and skeletons. To some degree, these can be ren-

dered transparent by arranging fibrous proteins so that they 

produce destructive interference in the predominantly blue 

light in their environment(s). But eyes must have pigment 

and gut contents quickly become opaque, even if they do not 

start that way. This may be the reason why so many fishes 

have instead evolved silvery mirrored sides to render them-

selves invisible.

10.6.5  Relation to Fluorescence

No discussion of spectral tuning would be complete without 

a brief mention of fluorescence, the process by which light of 

a relatively short wavelength is absorbed and reemitted at a 

longer wavelength (see Chap. 1). This has been reported to 

be widespread in spiders (Andrews et al. 2007), where it may 

have communication and possibly metabolic and other func-

tions as well.

A particularly intriguing case is described in a Papilio 

butterfly (Vukusic and Hooper 2005); the reflective scales 

have 2D photonic crystals on their obverse surfaces; these 

collimate the light so that it is effectively emitted upward (or 

reflected with a help of a mirror lining the reverse surface) 

for the wavelengths of light at around 505 nm. This wave-

length just matches a peak of a fluorescent pigment fused in 

the 2D photonic crystals as also does the central range of the 

animal’s green visual pigment. Thus, the 2D photonic crystal 

in this case may be placed to successfully extract fluorescent 

light from the wing. A similar mechanism is now often used 

in light-emitting diodes to extract the light efficiently from 

the device, another example of biomimicry.

10.6.6  Biomimicry

In closing, we would like to revisit briefly some of the ideas 

and systems that we have discussed and present some addi-

tional information. First is biomimicry. We have alluded to 

the burgeoning interest in the field, even reaching into archi-

tectural design (Aldersey-Williams 2004). There has been 

particular interest in duplicating the Morpho iridescent scale 

system (e.g., Aryal et al. 2012), but other systems are being 

studied widely. Two books written for popular audiences are 

Benyus (2002) and Harman (2013); the latter considers some 

of the general economic and business concomitants of some 

of the systems.

In a related vein, scientists have realized that the highly 

structured Morpho wing might provide the design for a 

chemical sensor: gas molecules penetrating between the 

lamellae will change the refractive index of the air compo-

nent and hence the reflectivity of the scale (Potyrailo et al. 

2007). There is little question that more of these biological 

structures will have much to teach us about design.

10.6.7  Developmental Studies 
on Microstructures

One particularly intriguing question (actually allied to that of 

biomimicry) is how the organisms make these structures and 

materials in the first place. For many of those discussed 

above, the question remains to be investigated, but Ghiradella 

(1974, 1989) studied the development of the multilayer 

lamellae in the butterfly Colias eurytheme and of the 3D pho-

tonic crystals in another butterfly Mitoura grynea.

In the first case, it was possible to conjecture from the 

internal geometry (including the placement of actin bundles 

of the developing scale) that longitudinal tensile stress on the 

scale obverse epicuticular layer (the outer “envelope” of the 

nascent cuticle) may result in so-called elastic buckling, a 

common physical process that typically gives rise to regular 

and even folds. This has not been confirmed, but given the 

generality of regular folds in nonliving biological structures, 

it is almost certain that a common mechanism underlies this 

particular geometry.

The basis of the pattern formation is clearer with regard to 

the 3D photonic crystals; the smooth endoplasmic reticulum 

organizes itself into a 3D lattice; the cell then pulls in and 

weaves through the lattice space tubes of cell membrane 
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within which the cuticle is secreted, as cuticle always is, 

extracellularly. A variation of same system is obtained in 

striated muscle, in which the sarcoplasmic reticulum (the 

muscle cell’s smooth endoplasmatic reticulum) organizes 

itself in such a way that the T-tubule invaginations of the cell 

membrane can carry the excitation from the nerve end plate 

deep into the contractile machinery.
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11.1             Introduction 

 Light is important for the biological function of a large num-
ber of proteins. We can group them as follows:
    1.     Photoenzymes   
   2.     Light-activated and light-deactivated enzymes   
   3.     Light-driven ion pumps   
   4.     Light-regulated ion channels   
   5.     Photosynthetic antenna proteins   
   6.     Photoreceptors   
   7.     Photoproteins and luciferases     

 These categories are not completely free from overlap. 
Many of the photoreceptor proteins also belong to group 2. 
They will be treated separately in    Chap.   13    . Photoproteins 
and luciferases (light-emitting proteins) will be treated in 
Chap.   26    .  

11.2     Photoenzymes and Light-Activated 
Enzymes 

 We shall in the following use the term  photoenzyme  for those 
enzymes which are “driven” by light, for which light can be 
regarded as one of the substrates in the enzyme-catalyzed 
reaction. For the reaction to proceed in these cases, light 
must be continuously applied. Occasionally the term has also 
been used for enzymes which become active after irradia-
tion, but continue to be active at least for some time after 
irradiation has stopped. We shall treat these enzymes sepa-
rately and use for them the term  light - activated enzymes . 
Some enzymes can be reversibly activated or inactivated 
with different kinds of light. One enzyme, LPOR, belongs to 

both groups, photoenzymes and light-activated enzymes, 
because it needs light both for activation and for driving the 
catalytic reaction. 

11.2.1     Photoenzymes 

 Photoenzymes have built-in chromophores which catch the 
light energy which is a necessary requirement for their func-
tion. Some very important photoenzymes are not often 
thought of as photoenzymes. They will be treated in other 
chapters, and we shall only mention them briefl y here to 
point out that they are also, strictly speaking, photoenzymes. 
Photoenzymes have attracted attention not only for the par-
ticular processes that they catalyze but also more generally. 
Because they allow starting the catalytic reaction with a 
short fl ash of light, at the same time for all enzyme mole-
cules in a sample, they allow detailed study of how enzymes 
function. 

11.2.1.1     Plastocyanin: Ferredoxin 
Oxidoreductase 

 Plastocyanin: ferredoxin oxidoreductase is usually referred 
to as photosystem I. The main energy-catching chromophore 
is chlorophyll  a  and in some cases chlorophyll  d . Some cya-
nobacteria preferentially use cytochrome c-553 as electron 
donor in place of plastocyanin (   Ferreira and Straus 1994), 
while others switch between cytochrome c-553 and plasto-
cyanin depending on the availability of iron and copper. In 
bacteria the corresponding photosystems use cytochromes 
and have various bacterial types of chlorophyll as chromo-
phores (Azai et al. 2010; Sarrou et al. 2012).  

11.2.1.2     Water: Plastoquinone Oxidoreductase 
 Water: plastoquinone oxidoreductase is usually referred to as 
photosystem II. Anoxygenic photosynthetic bacteria have 
related enzymes that oxidize various other substances in 
place of water. Energy-harvesting chromophores are various 
chlorophylls, carotenoids, and bilins.  
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11.2.1.3     Light-Dependent NADPH: 
Protochlorophyllide Oxidoreductases 
(LPORs) 

 This is one    type of enzyme that is able to reduce protochlo-
rophyllide to chlorophyllide  a ; in angiosperms and some 
gymnosperms it is the only one. The other enzyme that can 
carry out this reaction, as well as the corresponding produc-
tion of bacteriochlorophylls in bacteria, is DPOR, light-inde-
pendent protochlorophyllide oxidoreductase. The two 
enzymes are not closely related, although some motifs are 
shared (Gabruk et al. 2012). DPOR is the only NADPH: pro-
tochlorophyllide reductase in anoxygenic bacteria, while 
many cyanobacteria and lower plants possess both (or one of 
them during part of the life cycle, and the other one during 
another phase). DPOR is thought to have, at least partly, 
evolved from nitrogenase (Bröcker et al.  2008 ,  2010 ). The 
phylogeny of LPOR among eukaryotic organisms has been 
studied by Yang and Cheng (2004). It is related to alcohol 
dehydrogenase (Masuda and Takamiya). In  Arabidopsis  
there are three forms of LPOR, i.e., PORA, PORB, and 
PORC (Masuda and Takamiya 2004). 

 The light-dependent formation of chlorophyll (ide)  a  has 
been studied for a long time. Early researchers (Schmidt 
1914; Frank 1946; Koski et al. 1951) determined action 
spectra in search of the light-gathering chromophore. Proof 
that this is protochlorophyllide was obtained by Smith and 
Kupke (1956), who managed to extract from dark-grown 
seedlings a protochlorophyllide-containing protein complex 
that they called protochlorophyll holochrome, which was 
converted to a chlorophyllide  a  protein complex upon expo-
sure to light. Later much smaller active LPORs have been 
isolated, having about a tenth of the molecular weight of pro-
tochlorophyll holochrome. LPORs are unique among photo-
enzymes in that they require absorption of a photon to 
become active (Sytina et al. 2008, 2011). This photon 
changes the conformation of the protein to be more favorable 
for the catalytic reaction. If the enzyme is left in darkness 
after activation, it remains active for hours. 

 Reduction of protochlorophyllide to chlorophyllide  a  
requires addition of two hydrogen atoms to a double bond 
between carbon atoms 17 and 18. The two hydrogens are 
transferred in quite different ways. First a hydride ion, i.e., a 
proton with two electrons, is transferred from NADPH bound 
to the enzyme. In a second step a proton is transferred from 
a tyrosine residue in the protein. Then the NADP +  cation is 
exchanged for a new proton taken up from the environment 
(Fig.  11.1 ).  

 The photocycle of Scrutton et al. ( 2012 ) shown in 
Fig.  11.1  is not completely accepted by all. Much discus-
sion has concerned a species named I675 (after the wave-
length of its absorption maximum) not shown there, which 
is formed very quickly. By some it is regarded as an inter-
mediate (e.g., Sytina et al. 2012), by others as being on a 
side track.  

11.2.1.4     Aspartate Aminotransferase 
from  Escherichia coli  

 Aspartate aminotransferase from  Escherichia coli  has a low 
activity in darkness, but irradiation with blue-violet light 
(410–430 nm) more than doubles the activity for the wild- 
type enzyme. The chromophore is pyridoxal 5′-phosphate, a 
form of vitamin B 6 . In a mutant where a lysine residue has 
been changed to alanine, the activity is lower than that of the 
wild type in darkness, but increased several hundred times 
in light (Hill et al. 2010). The light dependence was for a 
while thought to be bi-photonic, but later investigations 
have shown that it is a single-photon process. The activity 
stimulation is due to photoenhanced deprotonation. Since 
the effect of light is rather modest for the wild type and can 
be so much increased by a substitution of a single amino 
acid, it is not likely that light plays a great biological role in 
this particular enzyme. But aspartate aminotransferase 
belongs to a very large group of enzymes with pyridoxal 
5′-phosphate as  coenzyme, and it is not unlikely that more 
interesting photoenzymes will be found among its 
members.  
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11.2.1.5     Photolyases 
 As described in Chap.   22      DNA can be damaged by ultraviolet 
radiation. Before the role of DNA was known, Hausser and v. 
Oehmcke ( 1933 ) discovered that discoloring of fruit peels due 
to exposure to ultraviolet radiation (UV) could be prevented if 
the fruits were exposed to strong visible light immediately 
after the UV treatment (Figs.   22.11    ,   28.8    , and   28.9    ). Other 
early publications on the subject include Blum et al. ( 1949 ), 
Dulbecco ( 1949 ), and Kelner ( 1949 ). They all noted a reme-
diation of UV damage to DNA by subsequent visible light. 
Rupert et al. ( 1958 ) were the fi rst to carry out  photoreactivation 
in vitro, and they showed that the photoreactivation catalyst 
had a dialyzable and a non-dialyzable part   . 

 It is now known that some of the lesions in DNA mole-
cules (likely reasons for all the UV effects described in the 
works cited above) can be repaired by photoenzymes referred 
to as photolyases (or photoreactivating enzymes). Some pho-
tolyases can repair cyclobutane-pyrimidine dimers (CPDs) 
and another type (6–4) photoproducts. If (6–4) photoproducts 
are left unrepaired, further irradiation with UV-A can convert 
them to Dewar photoproducts. For some time it was believed 
that Dewar photoproducts cannot be photorepaired. Recently, 
Fingerhut et al. ( 2012 ) found that (6–4) photolyase can repair 
Dewar photoproducts derived from T-C (6–4) photoproducts, 
but not those derived from and some (but not all) Dewar pho-
toproducts formed from T-T (6–4) photoproducts (Fig.  11.2 ).  

 Photolyases are closely related to cryptochromes (see Chaps. 
  13     and   14    ), which have evolved from photolyases. Like these 
they contain an FAD cofactor (as FADH –  in the dark state of the 
enzyme ready to receive light, see Liu et al.  2013 ) and another 
chromophore that can deliver absorbed light energy to the 
FAD. Also light absorbed directly in the FAD can drive the 
enzymatic DNA repair (Figs.  11.3 ,  11.4  and  11.5 ). At least 
some photolyases are phosphorylated (Teranishi et al.  2013 ).   

 When the pyrimidine bases in DNA are dimerized by the 
action of UV, they pop out of the central part of the DNA double 

helix into the aquatic environment, which makes it possible for 
the photolyase to recognize the lesion and attach to it. The FAD 
is held in a folded confi guration with the adenine part folded 
back toward the fl avin part, so that both parts are close to the 
DNA part to be repaired. While it is the fl avin that donates an 
electron to the lesion, it is the adenine that conducts the returned 
electron back to the fl avin (Fig.  11.4  and  11.7 , left panel). 

 The full cycle of CPD photolyase action is depicted in 
Fig.  11.5 . Note the unproductive back fl ow of electrons, 
which is here depicted as slow, and therefore not very 
 important. Not all investigators agree that it is so slow and 
unimportant, but signifi cantly decreases the quantum yield 
of the repair. We shall therefore have reason to discuss the 
quantum yield later.  

 The antenna chromophore varies between species and 
therefore also the action spectra for photolyase action. In 
most CPD    photolyases it is methenyltetrahydrofolate (MTHF) 
or 8-hydroxy-5-deaza(ribo)fl avin. The latter occurs in both 
some prokaryotes and eukaryotes. In some prokaryotes it is 
FMN or FAD. In (6–4) photoproduct photolyase from 
 Agrobacterium tumefaciens , it was found to be 6,7-dimethyl-
8-ribityllumazine (Zhang et al.  2013 ). In many cases the 
antenna chromophore is unknown. The CPD photolyase of 
 Bacillus fi rmus  (Malhotra et al. 1994) action spectrum shows 
a single peak at 410 nm and has a folate chromophore of 
some kind, but the action spectrum is  different from those of 
MTHF-containing photolyases. Figure  11.6  shows some pho-
tolyase action spectra and one photolyase absorption spec-
trum. It is evident that spectra can be different even with the 
same chromophore, due to tuning infl uence of the protein. 
Nothing is known about the ecological or evolutionary sig-
nifi cance of the spectral differences.  

 Data on quantum yields for photolyase repair varies 
among reports, from about 0.1 (Heelis and Sancar  1986 ) or 
about 0.2 (Byrdin et al  2010 ) to about 0.9 (Kim and Sancar 
1991; Kao et al.  2005 ), even when the same photolyase, in 
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most cases CPD photolyase from  Escherichia coli , is used. 
There can be various reasons for this. Not always is the sub-
strate specifi ed. Low yields can sometimes be explained by 
the use of an unnatural antenna chromophore. Thus    Ramsey 
et al. ( 1992 ) obtained a quantum yield of 0.66 ± 0.03 for 
enzyme without antenna chromophore, 0.72 ± 0.04 for the 
intact enzyme with its natural 5,10- methenyltetrahydroptero
ylpolyglutamate cofactor, and only 0.34 ± 0.015 for 
the enzyme with the antenna chromophore without the 

 polyglutamate part. The ratio between the two latter is in 
agreement with the fi nding by Lipman and Jorns ( 1992 ) that 
energy transfer from the antenna pigment is only half the 
native value if the polyglutamate part is omitted. In sum-
mary, it is likely that the quantum yield for the enzyme in 
the natural state is about 0.7. The structure of photolyase 
around the FAD chromophore is shown in Fig.  11.7 . The 
expression of photolyase genes is often stimulated by ultra-
violet radiation (e.g., Isely et al.  2009 ).    

a b

  Fig. 11.4    Comparison of the enzyme structure around FAD in ( a ) CPD and ( b ) (6–4) photolyases (From Liu et al.  2011 )       
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  Fig. 11.3    The principle for 
remediation of a CPD lesion in 
DNA by a CPD photolyase. The 
structure to the right is the 
damaged DNA. Light is absorbed 
either in FAD or in the antenna 
chromophore. The excited FAD 
receives an electron from a 
tryptophan residue in the 
photolyase protein and is 
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tryptophan regains an electron via 
a conductor of other tryptophan 
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electron to one bond in the CPD, 
but regains one from another 
bond. This results in splitting of 
the CPD to produce repaired 
DNA. Fo stands for the antenna 
chromophore, 8-hydroxy-5-
deazaribofl avin. From Benjdia 
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11.2.2     Type I Light-Activated Enzymes:  Light- 
Induced Conformational Change 

 We have already mentioned above that LPOR belongs to this 
group, at the same time as it is a photoenzyme. The majority 
enzymes in this category, however, are not photoenzymes. 
Most of them function as photoreceptor proteins with bilin 
fl avin chromophores. 

11.2.2.1     Biliprotein Protein Kinases 
 Biliprotein protein kinases (phytochromes and related). 
These are photoreceptors and will be treated elsewhere 
(Chaps.   9     and   12    –  14    ).  

11.2.2.2    BLUF Proteins 
 These will also be treated as photoreceptors (Chaps.   9     and 
  12    –  14    ).   

11.2.3     Type II Light-Activated Enzymes: 
Photodissociation of Inhibitor 

11.2.3.1    Urocanase 
 Urocanase (urocanate hydratase, EC 4.2.1.49) of 
 Pseudomonas putida  is an enzyme containing tightly bound 
NAD + , which in the natural state is inhibited by sulfi te in 
darkness. Irradiation with 11 W m -2  UV-A (ca 365 nm) dis-

sociates off the sulfi te and activates the enzyme (Hug and 
Roth 1971; Hug et al. 1972; Venema and Hug 1985). 
Experimentally the enzyme can also be activated in darkness 
by being brought in contact with triplet-excited indole-3- 
aldehyde, and light-activation can be counteracted by triplet 
quenchers (Venema et al. 1985). Thus it can be concluded 
that the photoactivation is due to triplet excitation of the 
NAD + . No biological role for the light-dependency is known.  

11.2.3.2    Nitrile Hydratase 
 Nagamune et al. (1990) found that when washed cells of 
 Rhodococcus sp . N-771 were incubated in the cold (5°) and 
dark, their nitrile hydratase became gradually inactivated, 
but most of the activity could be recovered by illumination.  

11.2.3.3    Cytochrome C Oxidase 
 This important enzyme does not need light for being active 
under normal conditions. But under some conditions it can 
be inactivated by endogenous nitric oxide, and this inhibition 
can be released by light. The complicated relations between 
the cytochrome c oxidase and nitric oxide are further treated 
in Chap.   26    .    

11.3     Light-Driven Ion Pumping by 
Rhodopsins 

 Rhodopsins acting as light-driven ion pumps occur in 
Archaea, Bacteria, and Eukarya. Organisms in the class 
Halobacteria (in the phylum Euryarchaeota in the domain 
Archaea) contain various rhodopsins, of which some  transport 
ions and others have sensory functions. Bacteriorhodopsins 
transport protons (from the inside to outside the cells). The 
chromophore retinal is bound to a lysine residue in the protein 
via a protonated Schiff base. When the positively charged 
retinal absorbs a photon, it switches from all-trans to 13-cis 
confi guration. This causes the pKa to drop (i.e., the dissocia-
tion constant increases) transiently, and the proton becomes 
less fi rmly bound and is released to the outside. Another pro-
ton is then taken up from the inside. 

 Halorhodopsin is a related light-driven pump (Schobert 
and Lanyi  1982 ) transporting chloride into cells. It undergoes 
a photocycle as depicted in Fig.  11.8 . It has two chromo-
phores, retinal and the carotenoid bacterioruberin. Contrary 
to the rhodopsin in our eyes, the retinal chromophore in the 
dark state is in the all-trans conformation and changes to the 
13-cis form upon exposure to light. The fi rst metastable state 
containing this 13-cis chromophore is called the K state, or 
HR 600  (after its absorption spectrum). From this state the 
cycle proceeds forward to chloride transport or reverts to the 
original state. The HR 600  state is a minimum energy state, so 
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proceeding from it either forward or  backward in the cycle 
requires thermal energy. Pfi sterer et al. have some interesting 
considerations concerning the optimal depth of the energy 
minimum associated with the HR 600  state. If the energy is 
high in relation to the energy barrier in the forward direc-
tion, less thermal energy is needed, so the reaction is faster if 
the minimum energy is low. But then, on the other hand, the 
risk of backward reaction increases, so there is an optimum 

energy level for the HR 600  state, and Pfi sterer et al. fi nd that 
this coincides with the energy level that the HR 600  state actu-
ally has.  

 The difference between chloride pumps and proton pumps 
is very small. In fact, a proton pump can be converted to a 
chloride pump by substitution of a single amino acid (Sasaki 
et al.  1995 ). The pumping of chloride is best understood by 
fi rst considering proton pumping. The retinal chromophore 
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  Fig. 11.6    Examples of spectra for photolyases, demonstrating the 
diversity. All are action spectra, except for the blue curve in the lover 
left panel, which is an absorption spectrum for purifi ed photolyase. 
 Upper left  panel, photolyases using 8-hydroxy-5-deazafl avin or 
8-hydroxy-5- deazaribofl avin as antenna chromophore:  Streptomyces 
griseus  (bacterium, Eker et al.  1981 ),  Anacystis nidulans  (cyanobacte-
rium, Eker et al.  1990 ),  Halobacterium cutirubrum  (archaeon, Eker 
et al.  1991 ),  Halobacterium halobium  (archaeon, Iwasa et al.  1988 ). 
 Upper right panel , fungal photolyases probably using 
5,10- methenyltetrahydrofolate as antenna chromophore:  Phycomyces 

blakesleeanus  (Zygomycota, Galland 1996),  Trichoderma harzianum  
(Ascomycota, Sametz-Baron et al.  1997 ).  Lower left panel , animal pho-
tolyases: Action spectrum for sea urchin eggs ( Hemicentrotus pulcher-
rimus , Ejima et al.  1984 ), absorption spectrum of purifi ed CPD 
photolyase from  Potorous tridactylis  (rat kangaroo, a marsupial, Yasui 
et al.  1994 ). The photolyases in this panel are thought to lack an antenna 
chromophore, and the active light is thus absorbed only in the FAD –  
anion.  Lower right panel , plant CPD photolyases: A dicotyledon 
( Cucumis sativus ) and a monocotyledon ( Sorghum bicolor ), both from 
Hada et al. ( 2000 ). All spectra redrawn       
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is attached to the protein via a so-called Schiff base linkage 
to a lysine residue (Fig.  11.9 ). When light absorption in the 
retinal chromophore causes its trans-to-cis isomerization, a 
proton bound to the lysine nitrogen comes into a new electric 
environment which allows it to be transferred to an aspartate 
residue in the protein. This in turn results in conformational 
change of the protein and transfer of the proton via glutamate 
residues to the space outside the cell.  

 The energy captured by light-induced proton or chloride 
pumping can be utilized for synthesis of ATP and also for 
driving other kinds of ion transport. Proton pumping rhodop-
sins have been found in halobacteria, eubacteria (Wang et al. 
 2012 ; Riedel et al.  2013 ), green algae (Wada et al.  2011 ), and 
fungi (Waschuk et al.  2005 ).  Proteorhodopsins  constitute a 
particularly widespread type of proton pump (Beja et al. 
 2000 ; de la Torre et al.  2003 ; Giovannoni et al.  2005 ; Frigaard 
et al.  2006 ; Bamann et al.  2013 ). Its operation in light has 
been shown to increase bacterial survival when organic car-
bon is scarce (Gomez- Consarnau et al.  2007 ,  2010 ; DeLong 

and Béjà  2010 ). Organisms living at different depths possess 
different  spectral types of proteorhodopsin (Man et al.  2003 ). 
Also a kind of rhodopsin called  xanthorhodopsin  is quite 
widespread among different bacteria. Xanthorhodopsin is 
characterized by having a carotenoid (salinixanthin) antenna 
to collect extra light energy to the rhodopsin part (   Lanyi and 
Balashov  2008 ). It sometimes occurs in the same organism 
together with other light-driven proton pumps (Kang et al. 
 2010 ; Riedel et al.  2013 ). 

 Recently a third kind of light-driven ion pump called KR2 
(Fig.  11.10 ) has been discovered (Inoue et al.  2013 ). Under 
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natural condition it transports sodium ions out of cells in the 
marine fl avobacterium  Krokinobacter eikastus . In the absence 
of its natural substrate sodium ions, the protein can pump the 
smaller lithium ions, but when presented only with larger cat-
ions like potassium, it switches to pumping protons.  

 For a time it was thought that a bacteriorhodopsin was a 
light-driven sodium pump (MacDonald et al.  1979 ), but later 
it has been clarifi ed that the light-induced sodium ion trans-
port observed was an indirect phenomenon: light-driven pro-
ton pumping followed by proton-sodium antiporting (Luisi 
et al.  1980 ).  

11.4     Proton Pumping Using 
Bacteriochlorophyll-Based 
Photosystem 

 Also plants, algae, and various photoautotrophic bacteria 
pump protons across membranes using their photosystems. 
What is less known is the great importance of bacteria which 
are not photoautotrophic but pump protons using a very 

slimmed-down photosynthetic system that is easily trans-
ferred horizontally between bacterial strains. These bacteria, 
referred to as aerobic anoxygenic photoheterotrophic bacte-
ria, are doing essentially the same as the organism pumping 
protons with rhodopsins (which strictly speaking are also 
aerobic anoxygenic photoheterotrophic bacteria), but are 
doing it using a different molecular machinery. Both kinds 
use the proton pumping for producing ATP and for helping 
in assimilating organic carbon from the environment. 
Aerobic anoxygenic photoheterotrophic bacteria are geneti-
cally very diverse (Richie and Johnson  2012 ). They were 
fi rst discovered in the ocean but have later been found in the 
most diverse habitats exposed to sunlight, e.g., soil crusts 
(Csotonyi et al.  2010a ,  b ) and high-altitude wetlands 
(Dorador et al.  2013 ) and saline lakes (   Jiang et al.  2009 ). A 
particularly important group of aerobic anoxygenic photo-
heterotrophic bacteria is the so-called  Roseobacter  clade 
(Buchan et al.  2005 ).  

11.5     Channelrhodopsins: Light-Gated 
Ion Channels 

 Kenneth Foster and coworkers were the fi rst to realize that 
rhodopsins act as photoreceptors in green algae (Foster and 
Smyth 1980; Foster et al.  1984 ).  Channelrhodopsins  are type 
I (microbial type) rhodopsins that mediate phototaxis and 
other light-induced phenomena. Different types have been 
found in a large number of species (Yawo et al.  2013 ). The 
best investigated ones are the fi rst discovered ones, channel-
rhodopsin 1 (ChR1, Nagel et al.  2002 ) and channelrhodopsin 
2 (ChR2, Nagel et al.  2003 ) in  Chlamydomonas reinhardtii . 
They differ not only spectrally (absorption and action peaks 
at 550 nm and 460 nm, respectively) but also in their ionic 
selectivity: ChR1 conducts exclusively protons, while ChR2 
conducts small mono- and divalent metal and organic cations 
as well. In contrast to the rhodopsins dealt with in the previ-
ous section (light-driven ion pumps), they are light-gated 
cation channels. 

 Channelrhodopsins (as well as some of the proton- 
pumping rhodopsins) have found a practical application in 
“optogenetics” and related areas, i.e., techniques to manipu-
late neurons cells with light (Nagel et al.  2005 ; Dugué et al. 
 2012 ; Lin  2012 ).  

11.6     Optogenetics 

11.6.1     Introduction 

 The meaning of the term “optogenetics” has shifted over 
time (Dugué). We shall here follow Deisseroth ( 2011 ) and 
use it in the sense of “the combination of genetic and optical 

Cytoplasmic side

Extracellular side

Na+ -transporting pathway with NaCI

H+ -transporting pathway without NaCI

  Fig. 11.10    Model of the light-driven sodium ion pump KR2 (From 
Inoue et al. ( 2013 ), with permission from Nature Publishing Group)       
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methods to achieve gain or loss of function of well-defi ned 
events in specifi c cells of living tissue,” but include in this 
chapter also some methods which do not fi t into this 
defi nition.  

11.6.2     Early Optical Methods for Recording 
Cell Processes 

 The fi rst optical method for following what is going on in 
living cells was absorption spectrophotometry. Fortunately 
some of the molecules participating in respiration (cyto-
chromes, cytochrome oxidase, fl avoproteins, NAD) have 
prominent absorption spectra which change with oxidation 
level. This was exploited by pioneers as Keilin, Warburg, and 
Lundegårdh. Also for studies of the photosynthetic process, 
absorption spectrophotometry became important at an early 
date, but in vivo fl uorescence, too, has provided crucial 
information. 

 In 1951 Strehler and Arnold ( 1951 ) attempted to demon-
strate photophosphorylation in a suspension of chloroplast 
fragments by measuring light from added fi refl y extract con-
taining luciferin and luciferase (Chap.   26    ). They failed to do 
that, but in the process discovered “delayed light emission,” 
the light emitted by reversal of photosynthetic processes 
(Chap.   26    ). This in itself has become a valuable, noninvasive 
method for the study of photosynthesis. Later people have 
studied ATP generation cloning the luciferase gene into 
organisms and adding luciferin, but this method cannot be 
used while cells are still alive. 

 In 1985 the calcium indicating protein aequorin was 
cloned and expressed in a foreign organism (Inouye et al. 
 1985 ; Prasher et al.  1985 ). Aequorin is a protein from the 
jellyfi sh  Aequorea victoria  that emits light when it encoun-
ters calcium ions. Very quickly this was exploited for mea-
surement of calcium release into the cytosol. 

 A dream for neurobiologists, and especially for scientists 
studying the function of the brain, has been to activate or inac-
tivate specifi c neurons and groups of neurons. With the devel-
opment of optogenetics this dream has come true. Although 
there are other methods, we shall focus here on those which 
employ natural or modifi ed photoactive proteins. 

 Another opsin that has been used in optogenetics is chan-
nelrhodopsin 2 (Boyden et al.  2005 ; Li et al.  2005 ). It can be 
expressed in mammalian neurons and when irradiated with 
blue light (450–490 nm) causes depolarization. It reacts rap-
idly enough to cause individual spikes, reaching their max-
ima within a couple of milliseconds after the onset of light, 
and they do this in a very reproducible manner. 

 Channelrhodopsin 2 can also be used in the reverse way. 
Berglund et al. ( 2013 ) fused it to a luciferase in such a way that 
the luciferase part remained outside the cell when the chan-
nelrhodopsin was incorporated into the cell membrane. When 

the luciferin (called coelenterazine) for this particular lucifer-
ase appears in the external medium, the luciferin emits light.  

11.6.3     Examples of Modern Developments 

 A recent general overview is provided by Packer et al. (2013). 

11.6.3.1    Light Switch for Pain 
 Optovin is a small molecule containing the chromophore 
rhodanine. It can be attached specifi cally, via cysteine, to an 
ion channel called TrpA1 which mediates the sensation of 
pain in vertebrates. It allows the remote control of animal 
behavior by violet light (Kokel et al.  2013 ).  

11.6.3.2    Restoration of Vision 
 Promising animal experiments for restoring vision in blind 
individuals have been done by many groups, including 
Doroudchi et al. ( 2011 ). These, as several    other researchers, 
used virus to introduce channelrhodopsin 2 into the defunct 
receptor cells. Channelrhodopsin 2 has the advantage of pro-
ducing the required transport of sodium ions resulting in fast 
(within 50 ms) depolarization of the membrane in a more 
direct way than the natural system. The light effect is directly 
on the ion channel, while the natural system employs inter-
mediate messengers. As long as only the natural channelrho-
dopsin 2 is used, vision is monochromatic with maximum 
sensitivity in the violet region. A recent thorough description 
of this fi eld is provided by Natasha et al. ( 2013 ).  

11.6.3.3    UV-B-Triggered Protein Secretion 
 Chen et al.  2013  modifi ed the plant UV-B receptor UVR8 to 
create a system by which protein secretion can be controlled 
by UV-B and which can be used for studying protein traffi ck-
ing in neurons.       
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12.1             Introduction 

 Many photochemical reactions involved in the sensing of 
and regulation by light and ultraviolet radiation by organ-
isms consist of  cis – trans  (and  trans – cis ) isomerizations. We 
shall start with this class of photosensors and then go on to 
other mechanisms. There are many more known and 
unknown light-sensing molecular systems than those briefl y 
described below, but (except for the fi rst one) I have tried to 
concentrate on those more widespread. As examples of light- 
sensing pigments with a very limited distribution, one can 
mention stentorin and blepharismin of certain ciliates (Lenci 
et al.  2001 ). 

 The term “photoreceptor” means different things to dif-
ferent people. In zoology it refers to cells, which respond to 
light, such as the rods and cones of our eyes, but to plant 
scientists it means a pigment molecule, such as rhodopsin or 
phytochrome, which absorbs light at the start of a chain of 
events leading to light perception or regulation of a physio-
logical process by light. We shall use the term here in this 
latter sense. 

 “Photoreceptor” in this sense is a concept related to 
“photoenzyme,” i.e., an enzyme active only in light. A 
class of photoreceptors, the cryptochromes, are thought to 
have evolved from certain photolyases. Another photoen-
zyme, NADPH-protochlorophyllide oxidoreductase, can 
also be regarded as a photoreceptor, helping the plant to 
regulate chlorophyll synthesis and chloroplast develop-
ment (Beale  1999 ).  

12.2      Cis – Trans  and  Trans – Cis  Isomerization 

 Double bonds and conjugated double bond systems provide 
molecules with a certain rigidity. Molecular groups cannot 
rotate freely around double bonds or around single bonds in 
a continuous conjugation suite, as they can around isolated 
single bonds provided there is room enough. When a dou-
ble bond is involved, there are two opposite torsion angles 
for which the energy has a minimum value and which thus 
represent stable conformations. Often the carbon atoms at 
the double bonds carry one hydrogen atom and one larger 
atomic group. These atoms then lie in the same plane, which 
is the same plane as the corresponding groups on the carbon 
atom at the other end of the double bond (in Fig.  12.1  this is 
the plane of the paper).  

 If the larger atomic groups are on the same side of the line 
through the double bond and the carbon atoms at its ends, 
the molecule is said to be in  cis -confi guration; if they are 
on opposite sides, the molecule has a  trans -confi guration. 
However, for larger molecules this designation may be diffi -
cult to apply, and another nomenclature has been introduced, 
i.e., Z- (for German  zusammen , together) and E- (for German 
 entgegen , opposite) confi gurations. In this system a priority 
is assigned for the atoms immediately attached to the dou-
ble bond, such that higher priority is assigned to atoms of 
higher atomic number. Thus carbon atoms in the example in 
Fig.  12.1  have fi rst priority, hydrogen atoms second priority. 
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When atoms of same priority are on the same side, we have a 
Z-confi guration, otherwise an E-confi guration. 

 By a very rough consideration, we can appreciate why 
 cis – trans  (E–Z) isomerizations are suitable for light sensing. 
A typical carbon–carbon single bond has a bond energy of 
387 kJ per mole, while the typical double bond has a strength 
of about 610 kJ per mole. The difference is 263 kJ per mole. 
We can think of a rotation around a double bond to consist 
of the breaking of one of the bonds in the double bond, rota-
tion around the remaining (single) bond, and reformation of a 
double bond. Thus one would need to add 263 kJ per mole (or 
263,000/6.02 10 23  J per molecule) to achieve the rotation. The 
energy of a photon is  h · c / λ  (see Chap.   1    ), and by equating the 
two energies, one obtains a typical wavelength for rotation 
of 455 nm, in the middle of the optical part of the electro-
magnetic spectrum to which the atmosphere is transparent. In 
rhodopsin of our rods the actual energy barrier for isomeriza-
tion is 238 kJ/mol (Okada et al.  2001 ), but in different other 
photoreceptors based on  cis – trans  (or  trans – cis ) isomeriza-
tion, the wavelength varies from the UV-B (for urocanic acid) 
to the near-infrared (for phytochrome) region. Some of the 
principles for this “tuning” are described in Chap.   9    . In gen-
eral the chromophores are bound to proteins, but we begin our 
account with  cis–trans  isomerization of a chromophore that is 
not bound to protein and is free to diffuse in the skin. 

12.2.1     Simple Signaling Metabolites 
Undergoing  Cis – Trans  Isomerization 

12.2.1.1     Urocanic Acid 
 Urocanic acid is present in the human skin, and photoisomer-
ization from the  trans  to the  cis  form causes downregulation 
of the immune system (Chap.   24    ). This radiation-sensing 
reaction appears at fi rst glance to be a very simple one: the 
pigment is structurally simple, of low molecular weight, and 
not protein bound. The isomerization seems to be a very sim-
ple reaction (Fig.  12.2 ).  

 But the simplicity is only apparent. The fi rst indication of 
this is the fact that the action spectrum for photoisomeriza-
tion is very different from the absorption spectrum of  trans - 
urocanic   acid. The absorption spectrum has a broadband 
peaking at about 280 nm, but radiation of this wavelength 
does not produce any photoisomerization, i.e., the quantum 
yield is zero at this wavelength. The quantum yield is maxi-
mal, 0.5, at 310 nm, where absorption is much weaker (also 
for the  cis  to  trans  isomerization, the quantum yield is about 
0.5 at long wavelengths). Various theoretical explanations 
have been given for this strange behavior (Li et al.  1997 ; 
Hansson et al.  1997 ; Page et al. 2000; Ryan and Levy  2001 ), 
and the discussion is still going on. Urocanic acid is not the 
only substance which behaves in this way: cinnamic acid 
and related compounds have a quantum yield for  cis – trans  

 isomerization which is wavelength dependent (see the Sect. 
on  12.2.4  below). 

 Urocanic acid exists in several ionic forms depending on 
pH: at low pH as a cation, at slightly acidic pH in the skin as 
a zwitterion, and at neutral or higher pH as an anion. Spectra 
for both  trans  and  cis  forms peak near 280 nm in neutral 
solution, but near 270 nm at pH 5.6 (Morrison et al.  1980 ; 
Hansson et al.  1997 ; Li et al.  1997 ; Fig.  12.3 ).  

  Trans -urocanic acid is formed from histidine in the outer-
most layer of the skin, and after photoisomerization the  cis - 
urocanic   acid diffuses inward and acts on cells in deeper layers. 
The mechanism is uncertain. One view is that it interacts with 
a serotonin receptor (Walterscheid et al.  2006 ), a view that has 
been opposed by others (Prêle Finlay-Jone and Hart  2006 ). 

 Before we go on to proteins carrying chromophores that 
undergo  cis–trans  photoisomerization, a couple of other sim-
ple molecules should be mentioned.  

12.2.1.2     Retinoic Acid 
 Retinoic acid occurs in the all- trans  form as well as in a 
number of  cis -stereoisomeric forms. All- trans  retinoic acid 
binds more fi rmly to specifi c nuclear retinoic acid recep-
tors (RARα, RARβ, RARγ) at low (nanomolar) concentra-
tions and 13- cis -retinoic acid more weakly. Another group 
of nuclear receptors, retinoid-X receptors (RXRs), bind 
only to 9- cis -retinoic acid (Heyman et al.  1992 ; Teboul 
et al.  2008 ). Thus different stereoisomers can be expected 
to have different physiological effects, an expectation that 
has been experimentally confi rmed. All- trans  retinoic acid is 
involved in regulating the mammalian circadian clock and to 
infl uence the expression of a number of proteins within the 
“clock gene family” via RARα (e.g., Sherman et al. 2012), 
and RARα and RARγ exhibit circadian oscillation. 

  Fig. 12.2    Photoisomerizations of anionic and zwitterionic forms of 
urocanic acid. The  trans  form is also called E-urocanic acid, the  cis  
form Z-urocanic acid       
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 The different stereoisomers have different absorption 
spectra (Fig.  12.3 ), and therefore it is likely that the iso-
meric composition after irradiation with ultraviolet radiation 
depends on the spectrum of the radiation, but information 
about this available in the literature is very scant. Fu et al. 
( 2003 ) report that irradiation of all- trans  retinoic acid by 
fl uorescent lamps resulted in fi ve isomerization products 
(13- cis -RA, 11- cis -RA, 11,13-bis- cis -RA, 9- cis -RA, and 
9,11-bis- cis -RA), all- trans -5,6-epoxyretinoic acid, and 
13- cis -5,6-epoxyretinoic acid, see Fig.  12.4 ). Murayama 
et al. ( 1997 ) describe the light used only as 1200 lx white fl u-
orescent light. They found that photoequilibrium in 10 mM 
ethanol solution is almost reached after 30 min with the 
following composition: all- trans -retinoic acid 25 %, 9- cis -
retinoic acid 10 %, 11- cis -retinoic acid 10 %, 13- cis -retinoic 
acid 30 %, 9, 13-di- cis -retinoic acid 5 %, and unidentifi ed 
compound 20 %. Several authors report that if oxygen is pres-
ent, also photooxidation takes place. The situation in vivo is, 
however, more complicated, since retinoic acid occurs not 
only free but also bound to various other molecules, which 
probably affects phototransformation.  

 Ultraviolet radiation does not penetrate far into the human 
body, so phototransformation of retinoic acid can take place 
only in the skin and eyes (and in preparations containing reti-
noic acid applied to the skin; see Fu et al.  2003 ). Kunchala 
et al. ( 2000 ) as well as Hellmann-Regen et al. ( 2013 ), based 
on experiments with skin cell cultures, speculate that the 
light from traditional fl uorescent lamps and especially com-
pact fl uorescent light bulbs may disrupt normal regulation by 
photoisomerization of all- trans - to mainly 13- cis -retinoic 
acid. As retinoic acid is applied for the treatment of acne, 
photoisomerization may have some effect in this context. 

 Retinoic acid is, however, used as a regulator throughout 
the animal world (Albalat  2009 ), and as in mammals differ-
ent isomers perform different functions. Photoisomerization 
may have a great impact in small animals, such as sea urchin 
embryos (Maeng et al.  2012 ), hydrozoan larvae (Pennati 
et al.  2013 ), and insect larvae (Chen et al.  2010 ).  

12.2.1.3     Resveratrol 
 Resveratrol is a stilbene derivative that can exist in  cis  or 
 trans  forms (Figs.  12.5  and  12.6 ). It is not synthesized by 
animals. Of the two stereoisomers of resveratrol, the  trans  
isomer is the most stable one and the most abundant one in 
nature, but both coexist in different proportions in wine and 
foods (Álvarez Rodriguez et al.  2012 ) and especially in high 
amounts in red wine. It is considered to have a number of 
health-promoting effects in man (Kalantari and Das 2010). 
The  trans  form is in general more physiologically active, for 

  Fig. 12.3    Absorption spectra for  trans - and  cis -urocanic acid at pH 7.2 (redrawn after Hanson et al.  1997 ) and at pH 5.6 (redrawn after Morrison 
et al.  1980 ), as well as the quantum yield for  trans  to  cis  photoisomerization (from data of Morrison et al.  1984 )       
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  Fig. 12.4    Structures and absorption spectra of all- trans , 9- cis , and 
13- cis -retinoic acids dissolved in methanol (Recalculated and drawn 
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instance, as an antiproliferative and antiinfl ammatory agent, 
than the  cis  form (Anisimova et al. 2011; Kim and Oh  2011 ; 
Rius et al. 2010), and is the form enzymatically synthesized 
in plants, but ultraviolet radiation partially converts it to the 
 cis  form (even in the plant) and so decreases the amount of 
the form active in the human body.     

12.2.2     Eukaryotic Rhodopsin 

 When we see the word rhodopsin, our thoughts fi rst go to the 
light-sensitive pigment of the rods in our own eyes. Very 
similar pigments, however, are present also in our cones and 
in the eyes of various insects, mollusks, and other animals. 
Recently it has been discovered that essentially the same 
type of pigment also occurs in various algae (Foster et al. 
 1984 ; Hegemann and Deininger  2001 ; Gualtieri  2001 ). 
Several types of archaea (archaebacteria) contain a kind of 
rhodopsin, but the latter is suffi ciently different, both with 
respect to the chromophore and the protein structure, to war-
rant treatment in a separate section (Sect.  12.2.3 ). Both 
eukaryotic and archaean rhodopsins, however, are membrane 
bound and have seven membrane-spanning helices in the 
molecule. It should also be noted that there are eukaryotes 
which have proteins more similar to the archaean than to 
typically eukaryotic rhodopsin. 

 The chromophore of rhodopsin is retinal (in some animals 
dehydroretinal; see Chap.   9    ). We show it fi rst in isolated 
form (Fig.  12.7 ) to display in a simple way the phototrans-
formation from the 11- cis  form to the all- trans  form, corre-
sponding to the primary process of vision. The side chain 
changes from a bent to a straight form. In rhodopsin the ter-
minal carbon atom of retinal polyene chain is covalently 

tethered to a lysine side chain (lysine 296) of the protein 
(Fig.  12.7 ), forming a “Schiff base” in its protonated form. 
The counterion for the positive charge is formed by gluta-
mine 113. The protein forms an antiparallel  β -sheet in the 
vicinity of the chromophore, bringing the side chain of 
another amino acid (position 181) in close contact to the 
polyene chain of retinal. In our rod rhodopsin this amino acid 
is glutamine; in the red- and green-sensitive pigments of our 
cones, it is histidine.  

 When light isomerizes the rhodopsin-bound retinal from 
11- cis  to all- trans , the polyene chain cannot at once straighten 
out completely, because the straight chain does not fi t in the 
protein pocket (see Okada et al.  2001  for a more detailed 
review of the events than the one given here). This restraint 
makes the retinal store energy, like a cocked spring. About 
two thirds of the photon energy is thus stored in the initial 
phase. Probably it is mainly the proximity of serine 186 that 
prevents the retinal from immediately reaching its  trans  equi-
librium position. This intermediate stage is termed bathorho-
dopsin. Within microseconds the proton on the Schiff base 
is translocated to glutamine 113, whereby the attractive 
force between the two parts of the protein  disappears and 
the  protein helices can adjust their relative positions to allow 
the retinal to straighten out completely. This brings the rho-
dopsin to a low-energy state called metarhodopsin I. From 
this the rhodopsin, within a millisecond, changes to metar-
hodopsin II. This has higher energy than metarhodopsin I, 
and the transformation is made possible by a simultaneous 
increase in entropy: the forces between different parts of the 
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protein are decreased, and the different parts can move more 
freely with respect to each other. The process has some simi-
larities to the melting of ice, and we may recall that the free 
energy change (ΔG) of a system consists of the change in 
total energy (enthalpy, ΔH) minus an entropy term, TΔS. In 
the transformation from metarhodopsin I to metarhodopsin 
II, the free energy is thus decreased even though the total 
energy increases. In this respect eukaryotic rhodopsin resem-
bles photoactive yellow proteins (Sect.   12.2.4    ), but differs 
from archaean rhodopsins (Sect.   12.2.3    ). The transition also 
involves uptake of a proton (Fig.  12.8 ).  

 Metarhodopsin II is the “signaling state” of rhodopsin. By 
its formation groups are exposed which can interact with a 
protein called transducin, a so-called G protein, and thus 
make the transition from a biophysical to a biochemical 
phase of the signal transduction. The activated transducin 
activates phosphodiesterase which hydrolyzes cyclic guano-
sine monophosphate (cGMP). When the concentration of 
cGMP has fallen suffi ciently, sodium ion channels in the 
membrane close, the electric membrane potential increases, 
and an electrical impulse is sent on to the nervous system. 

 Recently a new light-sensitive system has been discov-
ered in vertebrates (Provencio et al.  1998 ; Barinaga  2002 ; 
Berson et al.  2002 ; Hattar et al.  2002 ). The start in this new 
development came with the study of how frogs can adjust 
their skin color by changing the size, shape, and position of 
the pigment-containing cells in their skin, the melanophores 
(Provencio et al.  1998 ). It turned out that the skin cells con-
tained a light-sensitive pigment which was named melanop-
sin. The same pigment was found also in the frog’s retina, 
as well as in mouse retinas. However, it is not in the rods (or 
cones), but in cells, retinal ganglion cells, inside (in the front 
of) the visual receptors. Some of these cells have nerve con-
nections, not to the brain areas involved in vision, but to the 
suprachiasmatic nuclei where the main clock of the body (see 
Sect.   18.1.5    ) is thought to reside. The logical conclusion is 
that melanopsin is involved in the resetting of the biological 

clock by light. However, some of the melanopsin- containing 
retinal ganglion cells have connections to the part of the 
brain regulating pupil size in response to light. Melanopsin-
containing cells, in contrast to the rods and cones, do not 
adjust their sensitivity in response to light level. They are 
therefore suited to record the light level, which is important, 
e.g., in photoperiodism and pupil size regulation. Although 
the melanopsins studied so far occur in vertebrates, their pro-
tein structure is more closely related to that of invertebrate 
opsins than to the vertebrate opsins of the rods and cones. 
Their photochemical reactions have so far not been studied 
in detail but are thought to be similar to those of rhodopsins.  

12.2.3      Microbial Rhodopsins 

 Four types of archaean and bacterial rhodopsins are known. 
In contrast to the eukaryotic rhodopsins, they all contain all- 
trans       retinal as the chromophore, and the photochemical step 
consists of its isomerization to 13- cis  retinal. In some cases 
also the reverse reaction has some importance. 

 Many species within the Haloarchaea (the subdivision of 
Archaea formerly referred to as halobacteria) have been 
investigated, (Spudich 2001) but only four distinct types have 
been found, which are all present in species of the best inves-
tigated genus,  Halobacterium . One of these rhodopsins, called 
bacteriorhodopsin (BR, Fig.  12.9 ), uses light energy to pump 
hydrogen ions out of the cells, and another one, called halor-
hodopsin (HR), pumps chloride ions into the cells. Both reac-
tions contribute to making the inside of the cells  negative, thus 
allowing the cells to accumulate cations at the expense of light 
energy. The light-driven export of protons also creates the 
proton motive force necessary for ATP synthesis and, indi-
rectly, the free energy necessary for swimming and biochemi-
cal syntheses. BR and HR are induced only under low oxygen 
tension, while under high oxygen tension, the organisms can 
utilize oxygen for creation of the necessary free energy.  
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  Fig. 12.8    The binding of retinal 
to a lysine side chain in the 
rhodopsin protein, forming a 
protonated Schiff base. 
Rectangles symbolize amino 
acids of the opsin       
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 The two remaining archaerhodopsins, designated SRI and 
SRII (SR for sensory rhodopsin, Fig.  12.10 ), are used by the 
halobacteria to orient with respect to light. SRI is induced 
only under low oxygen conditions, SRII only under high.  

 SRI, formed under low oxygen conditions, has two sig-
naling states. One, SRI 373 , formed by the orange component 
of weak daylight, causes the cells to move toward stronger 
light. This is not due to direct sensing of light direction as in 
the topophototaxis of eukaryotic fl agellates, but by modula-
tion of the frequencies of spontaneous reversals of  swimming 
direction. If the light becomes very strong, another signaling 
state, SRI 510 , is formed under the action of the UVA com-
ponent of daylight. This causes the cells to move toward 
weaker light. 

 Under high oxygen tension SRII, but not SRI (neither 
HR nor BR), is induced. SRI mediates only a light-avoiding 
signal. 

 SRI and SRII do not engage a signal-transmitting protein 
during only part of the photocycle (as eukaryotic rhodopsin 
engages transducin). Instead each one of them is  permanently 
attached to its signal-transmitting protein, HtrI or HtrII, 
respectively. Obviously the conformational change in the 
rhodopsins caused by the photoisomerization of the 

 chromophore is somehow transmitted to the signal-transmit-
ting  protein, but the details of this are not known.  

12.2.4       Photoactive Yellow Proteins 
(PYPs, Xanthopsins) 

 Photoactive yellow proteins (PYPs) function as photorecep-
tors in purple bacteria, mediating negative phototaxis. One 
might think that this is too humble a function to warrant 
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  Fig. 12.9    The  trans – cis  isomerization of the chromophore in bacteri-
orhodopsin. As in Fig.  12.6 , the  rectangles  symbolize amino acids of 
the opsin. The rapid  trans – cis  photoisomerization is followed by slower 
rearrangements of the opsin structure and movements of protons       

  Fig. 12.10    The photocycles of sensory archaeal rhodopsins. Under low 
oxygen tension ( top )  Halobacterium  and related organisms form bacte-
riorhodopsin and halorhodopsin, which pump ions, and sensory rhodop-
sin I ( SRI ). The latter is used to fi nd a suitable light environment. As long 
as light is not very strong, the  orange light -sensing reaction causes accu-
mulation of the long-lived intermediate SRI373, which is a signaling 
state causing the organisms to move toward stronger light. If the UVA 
light becomes too strong, the UVA-sensing reaction causes conversion to 
SRI510, a signaling state which causes movement away from the strong 
light. In the presence of a high concentration of oxygen ( bottom ), only 
SRII is induced. The  blue-light -sensitive reaction causes movement 
away from light. Like other nonoxygenic pigmented organisms, these 
are probably much more light sensitive in the presence of oxygen due to 
the possibility of formation of reactive oxygen species under illumina-
tion. As indicated in the fi gure, in some pigment forms the Schiff base is 
protonated, in other forms not (After Hoff et al.  1997 , modifi ed)       
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treatment in a book like this one, but PYP happens to be one 
of the best-known photoreceptor pigments, and we can learn 
some more general principles from it. PYPs are also referred 
to as xanthopsins, although this term is misleading, since the 
proteins are not opsins. Three photoreactions shuttle the pig-
ment between several forms, as shown in Fig.  12.11 .  

 The PYP chromophore is  trans -4-hydroxy cinnamic acid, 
and light causes photoisomerization to the  cis  form 
(Fig.  12.12 ). This initial reaction is followed by rotation of 
one half of the molecule with respect to the other around a 
single bond. Genick et al. ( 1997 ,  1998 ) have succeeded in 
following in detail the changes in the protein structure asso-
ciated with these changes (Fig.  12.13 ). They managed to 
crystallize the protein and by time-resolved x-ray crystallog-
raphy at low temperature captured the structure of the other-
wise extremely short-lived (nanoseconds) intermediate.   

 By conversion to the signaling state, forces between dif-
ferent parts of the protein are weakened. It becomes more 
fl exible, and the conversion can be likened to “melting,” just 
as in the case of animal rhodopsin. 

 PYP is interesting also because it contains the prototype 
for a “PAS domain” (Pellequer et al.  1998 ). By this we mean 
a protein structure that occurs in many other signaling pro-
teins (Taylor and Zhulin  1999 ), including some other 
 photoreceptor proteins: phytochrome, phototropin (Salomon 
et al.  2000 ; Christie and Briggs  2001 ), and a blue-light recep-
tor in the fungus  Neurospora  (Ballario and Macino  1997 ). 
PAS domains have been identifi ed in proteins from all types 
of organisms: Archea, Bacteria, and Eucarya. It comprises a 
region of 100–120 amino acids. They seem to occur almost 
exclusively in sensors of two-component “phosphorelay” 
regulatory systems. The activation of a PAS protein, by either 
the photoconversion of a chromophore, binding of an exter-
nal activator, or voltage sensing (as in some proteins 
 regulating voltage-sensitive ion channeling), seems to 
involve the exposure of the PAS domain and initiation of 
 protein kinase activity (either histidine kinase or, as in the 
case of phytochrome, serine/threonine kinase).  

12.2.5     Phytochrome 

 The discovery of phytochrome is one of the classical detec-
tive stories of plant science (Butler  1980 ; Björn  1980  b ; Sage 
 1992 ). It started with the discovery that some effects of red 
light, such as the germination of seeds, photomorphogenesis 
of etiolated plants, and the inhibition of fl owering in short-
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  Fig. 12.11    The photocycle of PYP, simplifi ed from Naseem et al. 
( 2013 ) and other sources. There is no consensus regarding intermedi-
ates, transformation pathways, or reaction rates       
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  Fig. 12.13    Changes in PYP induced by light. Shown to the  left  is the 
region around the chromophore before light absorption. The chromo-
phore skeleton is outlined in  bold , with oxygen and sulfur atoms indi-
cated. Amino acid skeletons are outlined with  thin lines. Dotted lines  
stand for noncovalent interactions (hydrogen bonds). In the center is the 
intermediate structure a few nanoseconds after light absorption. The 
 trans – cis  isomerization of the chromophore has taken place, and its tail 
has fl ipped over, but the ring is still in its original position, with 

 hydrogen bonds to the upper oxygen still intact. To the  right  is the “sig-
naling state” reached after several milliseconds. The chromophore is 
still in its  cis  state, but the whole chromophore has changed position, 
broken the original hydrogen bonds to the ring-attached oxygen atom, 
and formed a new hydrogen bond. By these rearrangements both the 
chromophore and the PAS domain of the protein become accessible 
from the outside (Based on Genick et al.  1998 )       

day plants, could be reversed by irradiation with light of lon-
ger wavelength, the so-called far-red light (700–740 nm). By 
accurate action spectroscopy (see Sect.   8.5    ) the spectral 
properties of two different pigment forms were defi ned, and 
this made possible the detection in plants by absorption 
spectrophotometry and the subsequent purifi cation of 
phytochrome. 

 It is now known that plants contain several phytochromes 
with different properties and regulatory roles. This is not the 
place to describe this in detail, and the reader is referred to 
chapters in this volume on photomorphogenesis and photo-
periodism in plants (Chap.   19    ) and on the biological clock 
and its resetting by light (Chap.   18    ). 

 Phytochrome or phytochrome-like proteins have also 
been found in various algae, a myxomycete, cyanobacteria, 
and other photosynthetic and nonphotosynthetic bacteria 
(Schneider-Poetsch et al.  1998 ; Davis et al.  1999 ; Jiang et al. 
 1999 ; Herdman et al.  2000 ; Lamparter and Marwan  2001 ; 
Hubschmann et al.  2001 ; Bhoo et al.  2001 ). 

 Phytochrome is synthesized by the plant in the red- 
absorbing form, called Pr, and can be converted, via several 
intermediates, to the far-red-absorbing form by red light or 
direct daylight. It is the far-red-absorbing form that is con-
sidered to be the active (signaling) state, but in some cases 
one or several intermediates may be active. The reverse con-
version (via another set of intermediate states) can take place 
under far-red light, under daylight fi ltered through vegeta-
tion or soil, or (with some phytochrome types and more 

slowly) in darkness. A pigment that changes its absorption 
spectrum in light (without being destroyed) is called photo-
chromic; phytochrome is said to be photoreversibly photo-
chromic, since the original state can be restored by another 
kind of light. 

 The    chromophore in phytochrome has generally been 
believed to be an open-chain tetrapyrrole (see Fankhauser 
 2001 ), phytochromobilin (Fig.  12.14 ). Hanzawa et al. ( 2002 ) 
discuss other possibilities, such as the related phycocyanobi-
lin, the same chromophore as is present in the photosynthetic 
antenna pigments phycocyanin and allophycocyanin of cya-
nobacteria and red algae. Phycocyanobilin is also the 
 chromophore in cyanobacterial phytochrome, while those 
phytochromes of nonphotosynthetic bacteria that have been 
investigated so far have biliverdin as chromophore (Bhoo 
et al.  2001 ).  

 An interesting optical property of phytochrome is that 
conversion from Pr to Pfr or vice versa results in rotation of 
the transition moment corresponding to the long-wavelength 
absorption band with respect to the bulk of the protein. This 
was fi rst shown by Etzold ( 1965 ) and Haupt ( 1970 ) by 
in vivo linear action dichroism and later confi rmed by vari-
ous methods (Sarkar and Song  1982 ; Kadota et al.  1982 ; 
Sundquist and Björn  1983a ;  b ; Tokutomi and Mimuro  1989 ). 
At fi rst it was believed that the rotation amounts to 90°, but 
the newer experiments and reinterpretation of the old in vivo 
experiments (Björn  1984 ) point to a smaller angle. Based on 
this and other evidence, Rospendowski et al. ( 1989 )  produced 
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a drawing of how the chromophore moves in the protein dur-
ing conversion. 

 Phytochrome in solution is a dimer (Jones and Quail 
 1986 ), and there is evidence that it is also dimeric in vivo. Like 
many other sensors it has a PAS domain (see Sect.  12.2.4 .) 
and is an autophosphorylating protein kinase (Boylan and 
Quail  1996 ; Watson  2000 ).  

12.2.6     Photosensor for Chromatic Adaptation 
of Cyanobacteria 

 Many cyanobacteria have the ability to adjust the amounts of 
the photosynthetic antenna pigments phycocyanin (red- 
absorbing) and phycoerythrin (green-absorbing) according 
to the spectrum of ambient light. This regulation process is 
known as chromatic adaptation, although with present-day 
defi nitions it would more appropriately be called chromatic 
acclimation. Long ago action spectroscopy revealed that the 
photoreceptor for chromatic adaptation in cyanobacteria 
must be a phycobiliprotein (Fujita and Hattori  1962 ; Lazaroff 
and Schiff 1962; Diakoff and Scheibe  1973 ; Vogelmann and 
Scheibe  1978 ), just like phytochrome. From cyanobacterial 
antenna pigments several photochromic chromopeptides can 
be prepared (Scheibe 1962; Björn 1980a; Fig.  12.15 ).  

 A new start on an old problem has been made from the 
other end at the Department of Plant Biology of the Carnegie 
Institution of Washington. The recent work has been 
reviewed by Grossman et al. ( 2001 ). Kehoe and Grossman 
( 1996 ) found a gene, rcaE, coding for the protein RcaE, 
which is necessary for chromatic adaptation. RcaE binds a 

tetrapyrrole chromophore covalently in a domain similar to 
that of phytochromes and also has a PAS domain typical for 
signal sensing proteins. It is believed that the  chromophore is 
 phycocyanobilin, which would fi t well with the old spectral 
observations. According to the theory proposed by Grossman 
et al. ( 2001 ), there are, in addition to RcaE, two other pro-
teins, RcaF and RcaC, involved in the signaling for  chromatic 
adaptation. Under red light, RcaE autophosphorylates and 
transfers a phosphate group via RcaF to RcaC. In RcaC there 
are two sites that can be phosphorylated, and the one active 
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  Fig. 12.14    The chromophore of higher plant phytochrome A (phyto-
chromobilin) in the Pr ( left ) and Pfr ( right ) forms. The  rectangles  sym-
bolize amino acid residues in the protein. The  circular arrow  indicates 
the double bond at which the pyrrole group to the right rotates during 
photoisomerization. Phytochrome B may contain the very similar phy-

cocyanobilin as chromophore, in which the double bond and CH 2  group 
pointing straight up on top of the right-hand formula is replaced by a 
single bond and a CH 3  group, and phytochromes in nonphotosynthetic 
bacteria contain biliverdin       
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  Fig. 12.15    Action spectra for conversions of phycochrome c to the 
short-wavelength form ( solid line  and fi lled symbols) and to the long- 
wavelength form ( dashed line , empty symbols) (From Björn and Björn 
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chrome a, another polypeptide from phycocyanin (G.S. Björn 1980a)       
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in this context is near the N-terminal (the role of the other 
site is unclear). This chain of events results in increased phy-
cocyanin production. Green light, on the other hand, causes 
RcaE to change to the nonphosphorylating conformation, 
resulting in phycoerythrin synthesis. Kehoe and Gutu ( 2006 ) 
and Montgomery ( 2007 ) point out that chromatic adaptation 
in cyanobacteria is more complex than formerly believed 
and involves at least three signaling pathways: in addition 
to the phytochrome-type Rca system with separate effects of 
red and of green light, the Cgi (“controlled-by- green-light”) 
system. Some cyanobacteria can acclimate to far-red light by 
a different mechanism (Gan et al. 2014).  

12.2.7     Violaxanthin as a Blue-Light Sensor 
in Stomatal Regulation 

 Stomata are adjustable valves in the outer layer (epidermis) 
of leaves and other photosynthetic plant organs. They are 
designed to let suffi cient carbon dioxide in from the external 
air without causing the plant to dry out due to outward diffu-
sion of water vapor. Their regulatory system senses the water 
status, both directly in the leaves and indirectly in the rest of 
the plant body via the hormone abscisic acid. It also senses 
the internal carbon dioxide concentration. It senses light in 
several ways. One indirect way is via photosynthesis, since 
this causes the internal carbon dioxide concentration to fall. 
But the fastest and most dramatic light effect is blue-light 
specifi c, and there seems to be another light-sensing mole-
cule involved than the cryptochromes and phototropins dealt 
with in the next section: the xanthophyll zeaxanthin (see 
Zeiger  2000  and Assman and Wang  2001  for reviews). 

 The strongest evidence for participation of zeaxanthin as 
a blue-light sensor of stomata is the fact that the stomata of 
an  Arabidopsis  mutant, npq1, which lacks a functional vio-
laxanthin deepoxidase and therefore cannot accumulate zea-
xanthin, does not show a blue-light-specifi c response 
(Frechilla et al.  1999 ). On the other hand, mutants defective 
in cryptochromes 1 or 2 or phototropin 1 have a normal 
response. However, there is also evidence of several inde-
pendent blue-light channels for stomatal regulation (Lasceve 
et al. 1999) and that violaxanthin is only one of the sensors. 

 Violaxanthin has nine double bonds, so there are many 
possibilities for  cis – trans  isomerizations. Such a photoi-
somerization has not been directly shown, but postulated 
from kinetic experiments and the fact that the blue-light 
effect can be reversed by green light (Iino et al.  1985 ; 
Frechilla et al.  2000 ). The reversal spectrum has peaks at 
490, 540, and 580 nm, similar to a wavelength-shifted zea-
xanthin spectrum. We would like in this context to mention 
several experiments in the 1960s and 1970s in which 
 blue- light effects in algae were reversed by light of longer 
wavelength (see Björn  1979  for a review).   

12.3     Other Types of Photosensors 

12.3.1     Cryptochromes 

 The term cryptochrome has been in use for a long time in 
plant physiology, as a name for the unknown blue-light pho-
toreceptor. The name derives from the fact that it was hiding 
for such a long time (Björn 1980b). Now it is known that 
there are at least two quite different types of blue-light recep-
tors in plants, called cryptochromes (cry1 and cry2) and pho-
totropin. Thus the term has acquired a more restricted 
meaning than it used to have. On the other hand it has 
recently been discovered that chromoproteins similar to the 
plant cryptochromes are present also in other organisms than 
plants, including humans. These proteins are also called 
cryptochromes, but may have arisen independently during 
evolution (Todo et al.  1996 ). Recent reviews covering both 
cryptochromes and phototropins are provided by Lin ( 2000 ) 
and Christie and Briggs ( 2001 ). Regarding the effect of mag-
netic fi elds on cryptochromes, see Chap.   20     and Ahmad 
et al. ( 2007 ). 

 In plants cry2 represses phytochrome B action and plays a 
role in photoperiodism. cry1 regulates the period of the bio-
logical clock and is involved in the entrainment of the circa-
dian oscillator (see Christie and Briggs  2001  for references). 

 Cryptochromes have two chromophores: 5,10-
 methen yltetrahydrofolic acid (Fig.  12.16 ) and fl avin adenine 
dinucleotide (FAD). The latter is noncovalently bound to the 
protein. The role of the former is not known; probably it acts 
as an antenna pigment (in analogy with antenna pigments in 
photosynthesis) and transfers absorbed light energy to FAD, 
as is the case for the related photolyases.  

 The FAD part undergoes at least partial reduction upon 
illumination. The semiquinone formed by light action on 
cry1 has a long lifetime and seems to be able to act as a 
 chromophore, too, giving the cryptochrome a sensitivity to 
green light under some circumstances. It has long been 
known that various blue-light effects in plants and fungi, in 
experiments designed to determine action spectra, are not 
parallel in log fl uence vs. effect diagrams (see, e.g., 
Shropshire and Withrow ( 1958 ). The explanation may be 
this light sensitivity of the semiquinone or the participation 
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of several photoreceptors (such as the two cryptochromes, 
phototropin, and phytochrome) in the effects studied. 

 The signal transduction chains associated with crypto-
chromes have been diffi cult to elucidate, not only because 
more than one cryptochrome probably act in different ways 
but because plants have another blue-light receptor (pho-
totropin) and because there are interactions with phyto-
chrome. However, one signaling pathway proved surprisingly 
simple (Wang et al.  2001 ). In the dark, a protein called COP1 
present in the nucleus prevents the activity of several genes 
by preventing the action of their transcription factors. After 
photoactivation of cryptochromes, their conformation is 
changed so they can bind to COP1 and prevent its action, 
thereby activating the genes. 

 Apart from their roles in the cell nucleus related to rhyth-
micity and gene regulation, cryptochromes seem to have 
direct effects on membranes. Thus cry1 activates an anion 
channel in the cell membrane and thereby infl uences the 
membrane potential. As for the mechanism of action, there is 
so far hardly more than speculation. Flavins are known to 
mediate light-driven electron transfer in other cases, but this 
has not been shown for cryptochromes. One indication for a 
role of electron transfer is the similarity between crypto-
chromes and photolyases. Merrow and Roenneberg ( 2001 ) 
speculate about relations between redox potential, crypto-
chromes, and the mechanism of the circadian oscillator.  

12.3.2     Phototropin 

 Phototropin is the photoreceptor primarily involved in 
plant phototropism, the phenomenon which, beginning 
with Darwin, has meant so much for stimulating inter-
est in research in plant photobiology and about plant hor-
mones. However, cryptochromes and phytochrome are also 
involved in the very complex phenomenon of phototropism 
(Galland  2001 ; Iino  2001 ). On the other hand, phototropin 
is involved in other blue-light reactions, such as high- and 
low-light- induced chloroplast movements (Sakai et al. 
 2001 ; Jarillo et al.  2001 ; Kagawa et al.  2001 ) and inhibition 
of hypocotyl extension growth (Folta and Spalding  2001 ). 
So far two main types of phototropin, phot1 and phot2 
(Briggs et al.  2001 ), have been identifi ed, of which phot1 
acts primarily in phototropism, phot2 primarily in chloro-
plast photomovement. 

 Phototropin, like the cryptochromes, is a fl avoprotein, and 
it also has two chromophores per molecule. In the phototro-
pin, however, both chromophores consist of covalently 
bound fl avine mononucleotide (FMN, Fig.  12.17 ). The pro-
tein part is quite different from that of the cryptochromes. 
The chromophore-binding regions are the so-called PAS 
domains, designated LOV1 and LOV2 (Salomon et al.  2000 ; 
Christie and Briggs  2001 ). (LOV stands for  l ight,  o xygen, or 

 v oltage regulated.) The properties of these two domains can 
be investigated separately using molecular biology tech-
niques. The absorption spectra of both show a striking (and 
expected) similarity to the action spectra for phototropism 
determined long ago (Fig.  12.18 ).   

 Upon illumination the chromophores, in both the LOV1 
and LOV2 domains, undergo a spectral shift (Fig.  12.19 ); the 
absorbance in the blue region decreases, while that in the 
UVA part of the spectrum changes only little. Illumination 
also causes quenching of the fl uorescence. In darkness both 
LOV1 and LOV2 return to the original state with halftimes at 
room temperature of 11.5 and 27 s, respectively. By amino 
acid substitution it has been made likely that the spectral 
change is caused by the formation of a bond between cystine 
(Cys39) and the FMN chromophore, with simultaneous 
reduction of the fl avin (Fig.  12.20 ). This was confi rmed by 
other methods (Crosson and Moffat  2001 ). The C-terminal 
end of phototropin is a serine/threonine kinase, which sup-
posedly is activated by a conformational change resulting 
from the light-induced change in the chromophore region. 
The detailed structure of the LOV2 domain has now been 
determined and compared to other PAS domains (Crosson 
and Moffat  2001 ).   
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 Red-light effects and blue-light effects in plants have tra-
ditionally been investigated by different sets of researchers, 
and there have been red-light meetings and blue-light meet-
ings. It has become more and more diffi cult to uphold such a 
segregation as more and more interactions between the 

 signaling channels have been discovered (Mohr  1994 ; Neff 
and Chory  1998 ; Parks et al.  2001 ). Nozue et al. ( 1998 ) even 
found a protein in a fern that possesses both phytochrome 
and phototropin properties.  

12.3.3     The Plant UV-B Receptor UVR8 

 Ultraviolet B radiation (280–315 nm) affects plants and other 
organisms in many destructive and inhibitory ways (Chap.   22    ). 

 But plants also exhibit specifi c regulatory effects of UV-B 
radiation, and it has long been realized that plants possess a 
UV-B-specifi c photoreceptor, but only recently has it been 
characterized at the molecular level. This photoreceptor dif-
fers from all others enumerated above by having no non-
amino acid chromatophore (Christie et al.  2012 ; Wu et al. 
 2012 ). The UV-B absorption is achieved by a large number 
of aromatic amino acids in the protein, of which several tryp-
tophan residues are so closely positioned that the π-orbitals 
overlap. Absorption of UV-B radiation around 290 nm causes 
the protein to be monomerized from the dimeric state and 
translocated from the cytoplasm to the nucleus, where it 
interacts with a protein called COP1 and affects genes 
(O’Hara and Jenkins 2012). The photoreceptor is widespread 
among plants. The green alga  Chlamydomonas  has a similar 
protein (Christie et al.  2012 ) that probably has the same 
function. Related proteins with other functions occur in other 
organisms, including animals. One of these is RCC1, a regu-
lator of DNA replication (Dasso et al.  1992 ; Dasso  1993 ) and 
mitosis. It thus appears that the UVR8 photoreceptor is spe-
cifi c for green plants, but has an ancient ancestry. Also some 
cyanobacteria have a receptor for UV-B radiation (Portwich 
and García-Pichel 2000). 

 The strong absorption band of UVR8 in the UV-B region 
(Fig.  12.21 ) is due mainly to 14 tryptophan and 10 tyrosine 
residues per monomer, with some contribution also from 8 
phenylalanine residues. Of the tryptophan residues, 13 are 
located in the central core. Some of the tryptophan residues 
are so close that their pi orbitals overlap. Three of them 
(W233, W285, and W337), close to the monomer surface 
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  Fig. 12.18    Comparison of the action spectrum for phototropism of oat 
coleoptiles determined by Thimann and Curry ( 1961 ) with the absorp-
tion spectrum of the LOV1 protein domain of phototropin of an oat 
mutant determined by Salomon et al. ( 2000 ). The spectra for both LOV1 
and LOV2 of the native oat are very similar, although not identical       
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interacting with the other monomer in dimer formation, are 
particularly important for the function, and W285 is 
indispensable.  

 The UVR8 dimer is kept together by electrostatic interac-
tions between positively charged arginine and negatively 
charged amino acids on the opposite monomer (Fig.  12.22 ). 
Interactions occur also between arginine and the pi electron 
clouds of the tryptophan residues. When UV-B radiation is 

absorbed, these pi electron orbitals are altered, and the inter-
actions are no longer strong enough to keep the monomers 
together.  

 Recently Wu et al. ( 2014 ) have performed calculations 
that indicate that the primary reaction initiated by UV-B radi-
ation is a transfer of electrons from tryptophan 233 via tryp-
tophan 285 to arginine 338 coupled to proton transfer from 
tryptophan 233 to aspartic acid 129, leading to disruption of 
salt bridges, starting at arginine 338.  

12.3.4     The Orange Carotenoid Protein, ORP 

 The orange carotenoid protein (OCP) is a cyanobacterial 
photoactive protein binding a keto-carotenoid molecule 
(Fig.  12.23 ). Its role is to adjust the photosynthetic apparatus 
to the fl uence rate and protect the organism against excessive 
light. Plants, algae, and cyanobacteria have various mecha-
nisms for protection against excess light which may cause 
damage by the so-called non-photochemical quenching 
(NPQ). In plants and algae the lowering of pH inside the 
thylakoids caused by strong light triggers this photoprotec-
tion. But the OCP functions in a completely different way, 
independently of changes in pH or redox potential (Berera 
et al. 2013). The same protein acts as light sensor, signal 
propagator, and quencher of excess energy. It is most 
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mediated by a special UV-B receptor: (induction of fl avonoid synthesis 
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  Fig. 12.22    Sketch of UVR8 
monomers ( left ) with positive 
charges indicated by  blue  and 
negative charges by  red  and a 
dimer ( right ) showing how oppo-
site charges hold the dimer 
together       
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 sensitive to blue-green light. When it is isolated from the 
organism, it has an orange color in its weak-light state, but 
shifts to red upon irradiation with strong light. In the organ-
ism, it is free in solution in its dark form. Upon exposure to 
strong light, it undergoes a large conformational change and 
attaches to phycobilisomes (cyanobacterial light-harvesting 
protein complexes on the thylakoid membranes, Fig.  12.24 ). 
Excess energy is channeled from the phycobilisomes to the 
OCP and is then degraded to heat. When energy in this way 
is channeled away from the phycobilisome, its fl uorescence 
decreases, which provides a convenient way to monitor the 
changes in its energy state.   

 The quantum yield for change of the OCP from its low- 
light state to the protective state is only about 0.03 (Wilson 
et al.  2008 ), which makes sense, since it is only in strong 
light that excitation energy should be degraded to heat. 
When light is absorbed in the carotenoid molecule, there 
is a redistribution of charges which affects the interactions 
with the protein, so that the latter changes conformation. 
This exposes new parts of the molecule that have affi nity 
for the  phycobilisome. A second protein, called FRP (for 

“Fluorescence Recovery Protein) is required to release it 
again when incident fl uence decreases. 

 Gwizdala et al. ( 2011 ) showed that it is necessary for the 
OCP to have contact with the central part (the core) of the 
phycobilisome to be able to channel energy away. OCP has 
no effect on the peripheral parts (the rods). 

 Although all cyanobacteria do not possess OCP, it is rep-
resented in all major morphological subsections and phylo-
genetic clades (Kirilovsky and Kerfeld  2013 ; Kerfeld and 
Kirilovsky  2013 ).      
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13.1            Introduction 

 Many of the photoreceptor molecules have two main parts: 
one light-sensing part and another part transmitting the signal, 
often by transfer of a phosphate group. These two parts may 
have different evolutionary histories and have been united at a 
later stage in evolution. Thus the signaling parts of two differ-
ent photoreceptors, such as two protein domains acting as 
kinases, may be related, while the light-sensing parts may be 
unrelated. This makes it impossible to compose completely 
correct evolutionary relationships in the form of “trees.” 

 In his book  In the Blink of an Eye , Parker ( 2004 ) vividly 
describes how the “invention” of vision triggered the so- 
called Cambrian explosion, the rapid evolution by which all 
the animal phyla of the present-day fauna emerged within 
only a few million years (see also Parker  2011 ; Alvarez  2008 ). 
But long before the Cambrian explosion organisms were 
able to use light for gathering information about the world 
around them, and light has had an impact on evolution since 
the origin of life. 

 In a distant past, when our earliest ancestors inhabited the 
planet, there were no continents. An ocean covered all of the 
young Earth’s surface except for volcanoes here and there. 
The ocean volume was probably about twice the present, and 
plate tectonics had not yet sculpted the Earth with high 
mountains and great ocean depths (Flament et al.  2008 ; 
Arndt and Nisbet  2012 ). Water transmits best light of short 
wavelength, from UV-A to blue. It is therefore not surprising 
that the earliest light-recording pigments had their absorp-
tion bands in this spectral region. Specializing at light of 
very high wavelength, as plant phytochromes or the vision of 
some fi shes, is of more recent date. Even in the phytochrome 

superfamily of proteins, which we often regard as typical 
long-wavelength sensors, there are bacterial members that 
tune the bilin absorption to the blue-violet region of the spec-
trum (Narikawa et al.  2008 ), so this may be the original 
wavelength region for this photoreceptor family as well.  

13.2     Problems with the Classifi cation 
of Photoreceptors 

 Photoreceptors can be classifi ed in various ways, 
according to:
    1.    Function, e.g., photoperiodism, stomata regulation, 

vision, phototaxis   
   2.    Spectral coverage, e.g., ultraviolet-B, blue light, red light   
   3.    Type of chromophore, e.g., fl avine, retinal, bilin   
   4.    Occurence in the cell, e.g., cell membrane, other mem-

brane, cytosol, nucleus   
   5.    Domain (e.g., PAS (Möglich et al. ( 2009 ), GAF, BLUF, 

LOV, EAL) structure (domain architecture) of the protein 
part   

   6.    Overall tertiary and quaternary structure of the protein   
   7.    Signal output, e.g., phosphorylation, reduction, or 

oxidation     
 To a certain degree some of these classifi cations are cor-

related, but the correlation is not strict. There are, for 
instance, photoreceptors with the same chromophore, but 
with completely different proteins. Cryptochromes and 
BLUF domain blue light sensors (Gomelsky and Klug  2002 ) 
both contain FAD as chromophore. Members of two families 
of rhodopsins without any sequence similarity have retinal as 
chromophore. The same protein may have two different 
functions, e.g., serve both as cryptochrome (light-sensing 
protein) and photolyase (repair enzyme) (Bayram et al. 
 2008 ). The amino acid sequence may be unrelated, but the 
overall protein structure related, as in the two families of rho-
dopsins. Proteins containing fl avin (FMN or FAD) as chro-
mophore are mostly active in the UV-A to blue spectral band, 
but in some cases in the green (Bouly et al.  2007 ; Wang et al. 
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 2013 ) or even red (Beel et al.  2012 ) parts of the spectrum. 
Finally, there are sensor proteins which have more than one 
chromophore. Thus Jiang et al. ( 1999 ) described a 
xanthopsin- phytochrome combination, and phototropin- 
phytochrome combinations (neochromes) have arisen at 
least twice during evolution (Suetsugo et al.  2005 ). 

 For these reasons and others it is diffi cult to fi nd a com-
pletely logical and still useful classifi cation of chromo-
phores. We have chosen to divide the sensor proteins into 
eight major groups mainly based on type of chromophore 
and try to follow a phylogenetic classifi cation within each of 
these main groups. We will use the following classifi cation:
   Cryptochromes  
  Rhodopsins  
  Xanthopsins (PYPs)  
  Phytochromes and phytochrome-like photosensors  
  Light, oxygen, voltage (LOV) domain-containing proteins  
  Sensor of blue light using FAD (BLUF) domain-containing 
proteins  
  Ciliate photoreceptors (stentorin-related)  
  Ultraviolet-resistance locus eight family (UVR8)     

13.3    Photolyases/Cryptochromes 

 The function of the earliest representatives of this group seems 
to have been to act as photolyases, i.e., to repair damaged DNA 
by a light-dependent process. Only later did some members of 
the group acquire a role as photoreceptor pigments, and this 
switch of function has taken place more than once during evo-
lution. Some of the proteins can function both as photolyase 
and as photoreceptor, such as one in the fungus  Aspergillus 
niger  (Bayram et al.  2008 ) [and one in  Trichoderma harzia-
num  (Berrocal-Tito et al.  2000 )] so the distinction between 
photolyase and cryptochrome is diffuse. All members of this 
class contain an FAD chromophore that is involved in photo-
chemistry, and most of them also contain a secondary chromo-
phore that acts as an “antenna” that can collect light energy and 
transfer it to the FAD (Müller and Carell (2009). The antenna 
chromophore is in some cases 5,10-methenyl tetrahydrofolate 
(MTHF) (Öztürk et al. 2008). but can also be FMN, FAD, 
8-hydroxy- 5- deazafl avin, or 6,7-dimethyl-8-ribityl-luma-
zine (Geisselbrecht et al.  2012 ). The cryptochrome found in 
 Rhodobacter sphaeroides , which carries the 6,7-dimethyl- 8- 
ribityl-lumazine antenna chromophore, is special also because 
it has, in addition to FAD, an iron-sulfur cluster at the catalytic 
site Oberpichler et al. (2011). 

 The photolyase/cryptochrome superfamily has represen-
tatives in all three domains of life (Archaea, Eubacteria, and 
Eukaryota) and thus seems to have been present in the last 
common ancestor of present-day organisms, “LUCA.” An 
alternative could be horizontal (lateral) gene transfer. 

Photolyase genes occur in virus ( Entomopoxvirinae ) that 
have been involved in horizontal transfer of photolyase genes 
among insects (Afonso et al.  1999 ; Nalcacioglu  2010 ; 
Biernat et al.  2011 ). Photolyase genes occur also in baculo-
virus (van Oers et al. ( 2004 ), in  Chordopoxvirinae  that infect 
vertebrates (Afonso et al.  2000 ), and in marine  Cafeteria 
roenbergensis  giant virus (Fischer et al.  2010 ) that infects 
zooplankton; researchers do not seem to think that lateral 
gene transfer has been important in the macroevolution and 
spread of these proteins. 

 There is no complete consensus regarding the phyloge-
netic relationships between the major classes of photolyases/
cryptochromes, and different phylogenetic trees have been 
published (e.g., Lucas-Lledó and Lynch  2009 ; Rivera et al. 
 2012 ; Oberpichler et al.  2011 ; Kiontke et al.  2011 ; Asimgil 
and Kavakli  2012 ). Different authors also use different names 
for the various groups, which makes the literature somewhat 
confusing. We follow here, with simplifi cation, the scheme 
from Rivera et al. (2012) (CPD and (6–4) refer to different 
kinds of DNA damage that are described in Chap.   22    .):
    1.    Class 1 CPD photolyases   
   2.       

 2.1.    Class 2 CPD photolyases   
  2.2.     Plant cryptochromes (probably evolved from early 

form of 2.1)       
   3.       

 3.1.     Single DNA strand photolyases/DASH 
crypto chromes   

  3.2.       
 3.2.1.    (6–4) photolyases   
  3.2.2.    Animal cryptochromes

   3.2.2.1.     Insect type 1 + sponge + Cnidaria 
cryptochrome   

  3.2.2.2.     Insect type 2 + vertebrate 
cryptochrome                

  The above scheme indicates that cryptochromes have 
evolved from photolyases at least three times, i.e., plant cryp-
tochromes from CPD photolyases, DASH cryptochromes 
from single strand DNA photolyases, and animal crypto-
chromes from (6–4) photolyases. The strange name DASH 
comes from the four genera in which representatives for 
the group were fi rst found:  Drosophila ,  Arabidopsis , 
 Synechocystis ,  Homo  (Brudler et al. (2003). As the name 
indicates, these proteins are widely distributed among eukary-
otes, but there are also representatives from Eubacteria. Most 
of the proteins in category 3.1 above are probably only pho-
tolyases. One member with cryptochrome activity is  Fusarium 
fujikuroi  CryD DASH cryptochrome (Castrillo et al.  2013 ). 

 Essen ( 2006 ) points to the similarities between function in 
DNA repair and in photoreception. In both functions light- 
induced electron transfer is involved. So it is not surprising 
that some enzymes can carry out both functions, and a plant 
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photolyase may acquire cryptochrome function by  substitution 
of a single amino acid (Burney et al.  2012 ). The separation 
between single-strand DNA photolyases and DASH cyto-
chromes is not clear. Some authors regard these as two names 
for the same proteins rather than two groups of proteins. 

 From the above one could get the impression that the only 
roles for proteins in this superfamily are DNA repair and 
photoreception. However, many cryptochromes, including 
the human ones, serve other functions, especially as parts of 
circadian oscillators (Chap.   18    ) and as photo-magnets in ani-
mal orientation (Chap.   20    ). 

 Both the photolyase repair function and the cryptochrome 
light-sensing function depend on the light-induced electron 
transfer. For cryptochrome also blue-light-induced proton 
transfer, phosphorylation (Zuo et al.  2012 ) and conforma-
tional change (Kondoh et al.  2011 ) of the protein have been 
observed. The signaling state contains the FAD chromophore 
in the semiquinone state (Banerjee et al.  2007 ), but the sig-
naling mechanism is not established (Chaves et al.  2011 ) and 
may differ between different kinds of cryptochrome. The 
downstream signaling of plant cryptochrome 2 involves at 
least two pathways (Liu et al.  2011 ).  

13.4    Rhodopsins 

 Based on their structure, rhodopsins can be divided into two 
main groups, i.e., microbial (type 1) and animal (type 2) rho-
dopsins. Type 1 rhodopsins occur mainly in archaeans and 
fungi but also in some bacteria (Hoff et al.  1995 ; Jung et al. 
 2003 ) and some algae (see Ruiz-González and Marín  2004 ). 
Rhodopsins can also be classifi ed according to function as 
ion-transporting, sensory, and others. The two classifi cations 
divide the rhodopsins in quite different ways. Rhodopsins 
that are structurally closely related can be found in organ-
isms that are only very distantly related, indicating the occur-
rence of lateral (horizontal) gene transfer. Therefore it is not 
surprising that rhodopsin genes can also be found in viruses 
(Yutin and Koonin  2013 ). Furthermore, very different types 
of rhodopsin can be found in closely related organisms (or 
even within the same organism). This has contributed to 
making the elucidation of rhodopsin evolutionary history a 
diffi cult task. 

 Type 1 and type 2 rhodopsins share almost no amino acid 
sequences (Taylor and Agarwal  1993 ; Soppa  1994 ). 
However, all type 1 rhodopsins are clearly related as are all 
type 2 rhodopsins. From this one could draw the conclusion 
that they have independent origins, but by applying a method 
based on the probabilities of nucleotide replacement in DNA 
(Fitch  1970 ), Shen et al. ( 2013 ) could trace a distant relation-
ship, and the theory of a common origin has been strength-
ened by the fi nding of Devine et al. ( 2013 ) that the structural 

similarity cannot be explained by functional constraint. The 
retinal chromophore is attached to a lysine residue in both 
clades, but in different conformations. Shen et al. ( 2013 ) 
speculate that at some point during evolution the function as 
light sensors and the attachment of a chromophore have been 
abandoned, releasing the conservation of the chromophore- 
binding structure of the protein. The split between type 1 and 
type 2 rhodopsins must have taken place at least 1.5 billion 
years ago (Taylor and Agarwal 1993). 

 Of the rhodopsins in fungi some are of type 1 and others 
of type 2 (Novikov et al.  2012 ). Those of type 1 are rather 
different from those present in Archaea (Brown  2004 ; 
Washuk et al.  2005 ; Fan et al.  2011 ; Ito et al.  2012 ), while 
those of type 2 fall among the metazoan ones. Rhodopsins 
usually have one (as the human ones) or two photoactive 
states (and either the 11-cis or the all trans form or both can 
be photoactive), but one kind of type 1 rhodopsin has been 
shown to possess a complicated photocycle with three photo-
active states (Sudo et al.  2011 ; Inoue et al.  2012 ). The evolu-
tion of type 1 rhodopsins is further discussed by 
Ruiz-González and Marín ( 2004 ) and Zhang et al. ( 2011 ). 

 The origin of type 2 rhodopsins (Fig.  13.1 ), also called 
GPCR, can be traced back to the ancestor of opisthokonts 
(1100 MYA) (Krishnan et al.  2012 ).

   Type 2 rhodopsins can be phylogenetically divided into 
seven subfamilies, and only one of them is involved in imag-
ing vision. According to Feuda et al. ( 2012 ) the fi rst group to 
branch off from the path that leads to human rhodopsins is 
the one that contains melanopsin and placopsin. Placopsin is 
a pigment present in placozoans, a kind of primitive eyeless 
animal, possibly on the fi rst evolutionary track branching off 
from the path leading to other Metazoa (Osigus et al.  2013 ). 
Melanopsin is involved in the setting of the biological clock 
by light (Chap.   18    ) in many different kinds of animal. This 
phylogeny differs from that of other authors, such as Terakita 
( 2005 ) who regard the so-called rhabdomeric rhodopsins as 
splitting off together with the melanopsins.  
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  Fig. 13.1    Evolutionary tree of type 2 rhodopsins (Redrawn and simpli-
fi ed after Porter et al.  2012 )       
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13.5     Photoactive Yellow Proteins 
(PYPs, Xanthopsins) 

 The fi rst photoactive yellow protein (PYP) was discovered in 
1985 (Meyer  1985 ) in the purple photosynthetic bacterium 
 Ectothiorhodospira halophila  (later renamed  Halorhodospira 
halophila ). Soon thereafter it was found to exhibit light- 
induced changes reminiscent of rhodopsin (Meyer et al. 
 1987 ). Now 140 related gene sequences are known from a 
variety of bacteria, but the corresponding proteins have not 
been characterized in all cases. No PYP genes are known 
from Archaea or Eukaryota. 

 PYP genes can be classifi ed into eight main groups based 
on base sequences. This classifi cation is completely different 
from the classifi cation of the bacteria in which the proteins 
occur (Kumauchi et al.  2008 ; Meyer et al.  2012 ), indicating 
widespread horizontal transmission of the PYP genes. Thus 
the distribution of the eight PYP groups of Meyer et al. 
( 2012 ) among bacterial taxa is as follows:

   I.    α-, γ-, and δ-Proteobacteria   
  II.    α- and γ-Proteobacteria   

   III.    Bacteroides and Spirochaetes   
  IV.    α-Proteobacteria   
  V.    Bacteroides, β-, γ-, and δ-Proteobacteria   

   VI.    δ-Proteobacteria   
  VII.    γ-Proteobacteria   

   VIII.    α−Proteobacteria     
 The PYPs are involved in a great number of functions, 

and within a single one of the groups above there may be 
representatives having different functions. The chromophore 
is p-hydroxy-cinnamic acid, which is bleached by a trans-cis 
isomerization upon exposure to light and quickly reverses in 
the dark (Meyer et al.  2012 ). It is thought that signal trans-
mission occurs by association of some protein with the PYP 
in the bleached state. 

 Most PYPs occur in proteobacteria, but there are also two 
 Bacterioides  species and one spirochaete known to contain 
PYP. They appear sometimes to be involved in phototaxis, 
but in  Rhodospirillum centenum  it regulates a polyketide 
synthase gene. 

 Some proteins contain both a PYP part and a bacteriophy-
tochrome domain (Kyndt et al.  2007 ,  2010 ).  

13.6     Phytochrome-Like Photoreceptor 
Proteins 

 Phytochromes were fi rst discovered in land plants and then 
also in green algae. These fi rst discovered members of the 
superfamily are receptors specialized for red and far-red 

light. Now we know that this type of protein occurs in all 
domains of life and that, in general, they are tuned (spectrally 
adapted) to shorter wavelengths. 

 Phytochromes are photochromic, i.e., change absorption 
spectrum when they are exposed to light, and do this in a 
reversible way, such that they can change in one way under 
one kind of light, and in the opposite way under another kind 
of light. More about this in Chap.   11    . They are proteins 
 having an open-chain tetrapyrrole as chromophore. This 
chromophore is slightly different in different kinds of phyto-
chromes. Bacteria utilize biliverdin, while cyanobacteria and 
plants use phycocyanobilin or phytochromobilin. The wave-
length of the main absorption peak of the ground (“dark”) 
state varies from 400 nm to 754 nm depending on species 
(Auldridge and Forest  2011 ), so the tuning range is compa-
rable to that of rhodopsins. In most cases the active form 
absorbs at longer wavelength than the inactive form, but the 
reverse is found in some cases. 

 One hypothesis concerning the origin of this superfamily 
of photoreceptors is that the proteins originated as bilin 
 sensors (and, indirectly, as sensors of molecular oxygen). 
The bilin requires oxygen for its formation, so this type of 
sensor is likely to have originated later than oxygenic 
photosynthesis. 

 The superfamily consists of two main groups of photore-
ceptors (also some non-photoreceptor proteins are closely 
related):
    1.    Cyanobacteriochromes   
   2.    Phytochromes

    2.1.    Bacteriophytochromes   
   2.2.    Cyanobacterial phytochromes   
   2.3.    Fungal phytochromes   
   2.4.    Plant phytochromes   
   2.5.    Phytochrome-like proteins         
 As many other photoreceptor proteins, phytochromes can 

be clearly divided into a light-sensing (“signal input”) part 
on the N-terminal side and one “signal output” part on the 
C-terminal side. The latter, in the active form, has kinase 
activity. All phytochrome-like proteins contain two typical 
domains, a PHY domain and a GAF domain. GAF stands for 
cyclic guanosine monophosphate phosphodiesterase/adenyl-
ate cyclase/formate hydrogen lyase. The GAF domain is of 
very ancient origin and occurs in many other proteins, too 
(Aravind and Ponting  1997 ; Anantharaman et al.  2001 ). As 
the name implies it binds cyclic guanosine monophosphate 
(cGMP). Although there is no sequence homology, some 
GAF domains have an unexpected structural similarity to 
some PAS domains (Ho et al.  2000 ). Although the light- 
sensing part of plant phytochromes is derived from the cor-
responding in cyanobacteria, the output part (the kinase) 
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probably is not. Plant phytochromes thus are, in a sense, 
chimeric. 

 The cyanobacteriochromes (at least those in the DXCF- 
cyanobacteriochrome subfamily) differ from the phyto-
chromes by forming a photolabile thioether linkage between 
the chromophore (in this case phycoviolobilin) and a cyste-
ine in the apoprotein in addition to the stable cysteine- 
chromophore linkage common for all proteins in the 
superfamily (Burgie et al.  2013 ). 

 The sensor proteins in this category signal by transphos-
phorylation. The prokaryotic versions are histidine kinases, 
while the plant phytochromes phosphorylate serine and thre-
onine. More about this in Sect.   12.2.5    .  

13.7    BLUF Photoreceptors 

 BLUF stands for  B lue  L ight photoreceptor  U sing  F AD, but 
the concept does not include the likewise FAD-containing 
cryptochromes. They are defi ned by a typical amino acid 
sequence in the FAD-binding BLUF domain. This type of 
photoreceptor is one of those which (as also the plant UV-B 
receptor UVR8) long evaded discovery. BLUF receptors 
were fi rst reported almost simultaneously in a prokaryote, 
the proteobacterium  Rhodobacter sphaeroides  (Braatsch 
et al.  2002 ; Masuda and Bauer  2002 ), and in a eukaryote, 
 Euglena gracilis  (Iseki et al.  2002 ). After this BLUF domains 
have been identifi ed in ca 10 % of all fully sequenced bacte-
ria. A BLUF photoreceptor is involved in the regulation of 
photosynthesis in  Rhodobacter sphaeroides , in phototaxis in 
the cyanobacterium  Synechocystis sp . PCC6803 and in 
 Euglena gracilis , and in the latter it also mediates light- 
induction of adenylyl cyclase activity. Otherwise the func-
tions are so far unknown. Mandalari et al. ( 2013 ) have 
constructed a BLUF phylogeny showing a few major clades 
containing several members, while many other BLUF 
domains remain as isolated single-member clades.  

13.8    LOV Domain Photoreceptors 

 The workings of this type of photoreceptor have been 
observed as long as people have noticed the ability of plants 
to grow toward light, an ability described in more detail by 
Darwin and Darwin ( 1881 ). But the nature of the photore-
ceptor for this ability was long debated. Both fl avin com-
pounds and carotenes have absorption spectra that 
approximately match the action spectrum for phototropism. 
Finally the mystery was solved by a research team lead by 
Winslow Briggs at the Carnegie Institution of Washington 

(Huala et al.  1997 ; Christie et al.  1998 ) who identifi ed the 
receptor as a novel type of fl avoprotein, later named pho-
totropin 1 and found to be a member of a widespread family 
called LOV domain proteins, distributed over all three 
domains of life (Krauss et al.  2009 ). The chromophore is fl a-
vin mononucleotide (FMN), in contrast to the redox-active 
chromophore (FAD) in cryptochromes. 

 In plants and algae there are three types of LOV domain 
photoreceptors, namely, phototropin, Zeitlupe, and aureo-
chrome (Wada and Suetsugu  2013 ), and other types occur in 
bacteria (Losi  2004 ). Unlike phytochrome and crypto-
chrome, phototropins characteristically localize to the 
plasma membrane (Christie  2007 ). Kinetically LOV pro-
teins are divided into two groups, i.e., slow-cycling and 
fast-cycling. 

 Eukaryotic LOV domains are divided into six clades: 
PHOT LOV1, PHOT LOV2, AUREO LOV, PASLOV PAS, 
PASLOV LOV, and Hap LOV (Ishikawa et al.  2009 ). AUREO 
LOV is subdivided into clades 1, 2, and 3 based on bZIP 
domain sequences.  

13.9    Ciliate Photoreceptors 

 Some ciliates within the order Heterotrichida exhibit photo-
responses which are mediated by any of the main classes of 
photoreceptors described above. They contain proteins hav-
ing chromophores related to the well-known plant compound 
hypericin (Fig.  13.2 ). The latter is produced by  Hypericum  
species and has been used for    medical purposes. The ciliates 
most thoroughly investigated with respect to their photoreac-
tions and photoreceptors are those belonging to genera 
 Stentor, Maristentor , and  Blepharisma . Only for these gen-
era it has been established that the photoreactions are associ-
ated with the ciliate- specifi c photoreceptors described below, 
while the situation in other cases is at present uncertain, 
since the organisms contain also rhodopsins and fl avin com-
pounds (reviewed by Cadetti et al.  2000 ). For  Stentor , action 
spectroscopy shows stentorin to be the active chromophore 
for photophobic response (Wood  1976 ), and for  Blepharisma , 
blepharismin (Matsuoka et al.  1992 ). Another evidence sup-
ports the latter conclusion (Matsuoka et al.  1995 ). The pro-
teins to which the chromophores are attached have so far not 
been well characterized. The stentorin chromophore is linked 
to a 50 kDa apoprotein. Several substances have been pro-
posed as parts of a signal transduction chain, but the infor-
mation so far is very scanty. Because the phylogenetic 
distribution of this type of  photoreceptor is so limited, it is 
probably of rather late origin compared to other 
photoreceptors.  
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13.10    The Plant UV-B Receptor, UVR8 

 It has long been realized that plants possess a UV-B-specifi c 
photoreceptor, but only recently has it been characterized on 
the molecular level. This photoreceptor differs from all oth-
ers enumerated above by having no non-amino acid chro-
matophore (Christie et al.  2012 ; Wu et al.  2012 ). The UV-B 
absorption is achieved by a large number of aromatic amino 
acids in the protein, of which several tryptophan residues are 
so closely positioned that the π-orbitals overlap. Absorption 
of UV-B radiation around 290 nm causes the protein to be 
monomerized from the dimeric state and translocated from 
the cytoplasm to the nucleus, where it interacts with other 
proteins and affects gene transcription (see Chap.   11    ). The 
photoreceptor is widespread among plants. The green alga 
 Chlamydomonas  has a similar protein (Christie et al.  2012 ) 
that probably has the same function. Related proteins with 
other functions occur in other organisms, including animals. 
One of these is RCC1, a regulator of DNA replication (Dasso 
et al.  1992 ; Dasso  1993 ) and mitosis. It thus appears that the 
UVR8 photoreceptor is specifi c for green plants, but has an 
ancient ancestry.     
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14.1           Introduction 

 Plants have evolved the capacity to sense and interpret 
diverse light signals to modulate their development. In the 
extensively studied plant  Arabidopsis thaliana , four distinct 
families of photoreceptors (phytochromes, cryptochromes, 
phototropins, and UV-B photoreceptor) have been well char-
acterized. In this chapter, we give a general description on 
molecular mechanism of photoreceptors and basic structures 
of different light signaling. We then dedicate to the signaling 
cross talk under the control of various kinds of photorecep-
tors, including (1) signaling interaction between light and 
UV-B; (2) physical interactions among phytochrome, pho-
totropin, and cryptochrome; and (3) signaling integration of 
phytochrome and cryptochrome.  

14.2     Photoreceptor Regulation 
and Activity: An Overview 

 Photoreceptors have the ability to sense and distinguish 
light of different spectral composition, delivering the signal 
to the downstream components, initiating transcription of 
various genes. This fi nally results in multiple developmen-
tal processes, including seed germination, seedling photo-
morphogenesis, phototropism, gravitropism, chloroplast 
movement, shade avoidance, circadian rhythms, and fl ower 
induction (Quail  2002 ). Therefore, the photoreceptors 
play the central role in plant life. After germination, 
 seedlings follow one of two developmental patterns. 
Skotomorphogenesis (or etiolation) in the dark is character-
ized by long hypocotyl, closed cotyledons in  Arabidopsis , 
and the development of proplastids into etioplasts. By con-
trast, growth in the light leads to photomorphogenesis (or 

de-etiolation) characterized by short hypocotyls, expanded 
open cotyledons, and the development of mature chloro-
plasts (Jiao et al.  2007 ). A wide spectrum of light can 
induce photomorphogenesis; however, for clarifi cation, we 
here defi ne the far red-, red-, blue-, and UV-A-induced pho-
tomorphogenesis as light photomorphogenesis, while 
UV-B-induced one as UV-B photomorphogenesis. In 
 Arabidopsis , there are fi ve phytochromes (PHYA to PHYE) 
that perceive red/far-red light, three cryptochromes (CRY1 
to CRY3) and two phototropins (PHOT1 and PHOT2) that 
sense blue/UV-A light, and one known UV-B photoreceptor 
(UVR8) that senses UV-B (280-215 nm). 

  Phytochromes  (phys) are homodimeric photoreceptors of 
approximately 120 kDa monomers that bear a single linear 
tetrapyrrole chromophore, which exists in two photoconvert-
ible forms: Pr (red light-absorbing phy) and Pfr (far-red 
light-absorbing phy) (Vierstra and Zhang  2011 ). The photo-
conversion results in their translocation from the cytoplasm 
into the nucleus (Quail  2002 ). This translocation is caused 
by the phosphorylation of PHYs, which leads to alter its sta-
bility and affi nity toward downstream signal components 
(Kim et al.  2004 ; Ryu et al.  2005 ). Photoactivated phyto-
chrome has kinase activity, inducing phosphorylation of 
PIF3 (PHYTOCHROME-INTERACTING PROTEIN 3) and 
PKS1, initiating the  downstream signaling  (Al-Sady et al. 
 2006 ; Fankhauser et al.  1999 ) (Fig.  14.1 ).

    Cryptochromes  (crys) are photolyase-like blue light/
UV-A receptors that bind a fl avin adenine dinucleotide chro-
mophore (Yu et al.  2010 ).  Arabidopsis  has three members of 
this family, CRY1, CRY2, and CRY3, which show signifi -
cant homology to microbial photolyase, but lack photorepair 
activity. CRY1 is nuclear localized in the dark but largely 
cytoplasmic under light, while CRY2 is constitutively 
nuclear (Lin and Shalitin  2003 ). A more divergent CRY3 
does not have the photolyase-related (PHR) domain and less 
conserved DAS domain (CCT), which are present in CRY1 
and CRY2 Partch et al.  2005 ). However, CRY3 has a dual 
function in regulating its transport to chloroplast and 
mitochondria (Kim et al.  2004 ). Light can induce the 
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autophosphorylation of CRY1 and CRY2, resulting from the 
conformational change in the C-terminus CCT domain by 
the activation of the N-terminus CNT domain. Phosphorylated 
CRYs can be dimerized and possibly interact with down-
stream factors (Sang et al.  2005 ). 

 Phototropins (phots) are the plant-specifi c blue light 
receptors with serine/threonine protein kinase activity. They 
bear two LOV domains that bind fl avin mononucleotide 
chromophores (Christie  2007 ). Several transient develop-
ments, including phototropism, chloroplast movement, and 
stomatal opening, are controlled by them.  Arabidopsis  
PHOT1 and PHOT2 are mainly associated with the plasma 
membrane, but only a fraction of PHOT1 is relocated to the 
cytoplasm (Christie  2007 ). Blue light triggers the autophos-
phorylation of PHOT1 and PHOT2, initiating the transduc-
tion of the light signal (Christie  2007 ). 

  UV - B Photoreceptor : UVR8 (UV RESISTANCE LOCUS 
8) is the recently identifi ed UV-B-specifi c photoreceptor, 
with two tryptophans (W233 and W285) as the chromo-
phores. In the absence of UV-B radiation, dimeric UVR8 is 
localized in the cytoplasm. Upon exposure to UV-B, it mono-
merizes and migrates to the nucleus. This change is essential 
for the following signaling transduction.  

14.3    Simplifi ed Light and UV-B Signaling 

14.3.1    Introduction 

 Light signaling is one of the most well-elucidated path-
ways in  Arabidopsis , which more than a hundred regula-
tors have been found to play a role in response to light. 
Several reviews have been published to summarize the 
complicated signaling (Quail  2002 ; Jiao et al.  2007 ), and 
here we give a simplifi ed signaling model in regard of 
seedling morphogenesis and will focus on the interconnec-
tions shortly.  

14.3.2    Light Signaling Pathway 

 In the dark, a seedling undergoes skotomorphogenesis, in 
the absence of photoreceptor activation. In this process, 
there are two groups of proteins, namely, COP/
DET/FUS (CONSTITUTIVE PHOTOMORPHOGENIC/
DE-ETIOLATED/FUSCA) and PIFs, to maintain the status 
of skotomorphogenesis. The COP/DET/FUS complex is a 
member of the ubiquitin system, which is responsible for 

Phytochrome

PΦB

PHY

FMN

LOV LOV Serine/threonine kinase

FADPterin

CNT/PHR CCT/DAS

Trp233
Trp285
Arg286 Arg338

C27

UVR8

Cryptochrome

Phototropin

FMN

PAS PAS HKRD

  Fig. 14.1    The structure of various kinds of photoreceptors. The phyto-
chromes are dimeric chromoproteins. Each polypeptide consists of an 
N-terminal photosensory domain that covalently binds a single bilin chro-
mophore (PΦB), followed by a C-terminal domain. Phototropins have a 
photosensory N-terminal half and a C-terminal half with serine/threonine 
kinase function. The N terminus contains two fl avin mononucleotide 
(FMN) chromophore-binding LOV domains (LOV1 and LOV2). 
Cryptochromes 1 and 2 have an N-terminal photolyase-related (PHR) 

domain (CNT) and a less conserved, intrinsically unstructured C-terminal 
DAS domain (CCT), which is not present in CRY3. The PHR domain non- 
covalently binds to two chromophores, a fl avin adenine dinucleotide 
(FAD), and a pterin. UVR8 is a seven-bladed β-propeller protein. Arginine 
(Arg) residues at positions 286 and 338 facilitate hydrogen bonds that hold 
the homodimer together, while tryptophan (Trp) residues at positions 285 
and 233 serve as chromophores. C27 is a protein interaction domain, 
which is responsible for the interaction with RUPs and COP1       
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protein degradation (Sullivan et al.  2003 ). Because they 
work in concert to degrade a number of photomorphogenesis- 
promoting transcription factors, such as HY5 (LONG 
HYPOCOTYL 5), COP/DET/FUS are the central repressors 
of photomorphogenesis (Saijo et al.  2003 ; Osterlund et al. 
 2000 ). COP1 is one of the proteins in the complex and has 
the activity of Ub E3 ligase by interacting with many of the 
photomorphogenesis-promoting transcription factors. It has 
been shown that the ubiquitination is promoted by SPA 
(SUPPRESSOR OF PHYA-105) family proteins (Osterlund 
et al.  2000 ; Laubinger et al.  2004 ). After light illumination, 
the activated photoreceptors (PHYA, PHYB, CRY1, and 
CRY2) suppress COP1 function by translocating from 
nucleus to cytoplasm, resulting in the photomorphogenesis- 
promoting transcription factors, which initiate the expression 
of a large number of light-responsive genes to promote pho-
tomorphogenesis (Osterlund et al.  2000 ). 

 Contrasting to the repressed function of COP/DET/FUS 
by inactivate photomorphogenesis-promoting transcription 
factors, another group of proteins called PIFs directly regu-
late gene expression to promote skotomorphogenesis 
(Leivar et al.  2008 ). PIFs, the basic helix-loop-helix 
(bHLH) transcription factors, include PIF1/PIL5 (PIF3-
LIKE 5), PIF3, PIF4, PIF5/PIL6, and PIF6/PIL2, and they 
physically interact with phytochromes (Castillon et al. 
 2007 ). In the dark, PIFs activate skotomorphogenesis-pro-
moted genes (Leivar et al.  2008 ), but they are inactivated by 
light resulting in repression of photomorphogenesis. This 
inactivation is due to the phosphorylation by photoacti-
vated Pfr form of phytochromes. The phosphorylated PIFs 
are subsequently degraded by proteasome, and its stability 
is dependent on COP1 and SPA protein (Al-Sady et al. 
 2006 ; Shen et al.  2007 ). Briefl y, the complicated signaling 
pathway downstream of light photoreceptors is mainly 
classifi ed into two above branches, COP1-HY5 and PIFs 
pathways, and recently research revealed that these key 
components play an important role in light signaling cross 
talk (Fig.  14.2 ).

14.3.3       UV-B Signaling Pathway 

 Compared to the complicated signaling pathways in light 
responses, the pathways activated by UV-B radiation is 
much simpler to chart. With the recently identifi ed UV-B 
receptor UVR8, this signaling pathway can be structurally 
described. Upon UV-B irradiation, UVR8 is activated by 
converting from dimers to monomers (Rizzini et al.  2011 ). 
The monomerized UVR8 further interacts with COP1 to 
promote its accumulation (Favory et al  2009 ). COP1 then 
stabilizes the central transcription factors HY5 and its 

homolog, HYH, resulting in the initiation of UV-B-
responsive genes to promote UV-B photomorphogenesis 
(Ulm et al.  2004 ). However, not all of these genes are 
UVR8 dependent. To fi ne-tune this linear pathway, several 
components have been identifi ed to form feedback 
 regulations. STO/BBX24 (SALT TOLERANCE/B-BOX 
DOMAIN PROTEIN 24) interacts with both HY5 and 
COP1 to involve in a negative feedback loop by impinging 
on HY5 (Jiang et al.  2012 ). FHY3 (FAR- RED ELONGATED 
HYPOCOTYL 3) and HY5 work together to modulate the 
expression of COP1 as the members of a positive feedback 
loop (Huang et al.  2012 ). RUP1/2 (REPRESSOR UV-B 
PHOTOMORPHOGENESIS 1/2) belong to the WD40-
repeat protein superfamily, interacting both with COP1 and 
UVR8 to act as negative feedback regulators (Gruber et al. 
 2010 ). It has been reported that RUP1/2 mediate the redi-
merization of UVR8, leading to the disruption of UVR8-
COP1 interaction to attenuate the signaling, and this 
regulation is independent of COP1 (Heijde and Ulm  2013 ). 
For the detailed information on UV-B signaling, please 
refer to the reviews by Jenkins ( 2009 ), Heijde and Ulm 
( 2012 ), Jiang et al. ( 2012 ) and Tilbrook et al. ( 2013 ) 
(Fig.  14.3 ).

phyA phyB

COP1

HY5

PIFs

Skotomorphogenesis Photomorphogenesis

cry1, cry2

  Fig. 14.2    A simplifi ed light signaling pathway in  Arabidopsis . Under 
light, the photoreceptors suppress two main branches of light signaling, 
COP1-HY5 and PIFs. COP1, which is repressed by phytochromes and 
cryptochromes, is an ubiquitin E3 ligase, and it directly targets HY5 for 
degradation. HY5 is a bZIP transcription factor that promotes photo-
morphogenesis in all light conditions (Fig.  14.1 ). PIFs are bHLH tran-
scription factors that are required for skotomorphogenesis. 
Phytochromes directly interact with PIFs, resulting in PIFs’ degrada-
tion, while COP1 positively affects PIF’s protein level. Note: between 
two proteins,  solid lines  indicate a direct effect, while  dotted lines  rep-
resent an indirect regulation       
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14.4         Signaling Cross Talk Between 
Light and UV-B 

14.4.1    Introduction 

 Before the identifi cation of UVR8, many attempts have been 
made in pursuit of the distinct UV-B signal transduction 
pathway. The light-induced CHS gene is found to be upregu-
lated by all kinds of light and controlled by photoreceptors. 
For instance, UV-A and blue light-induced CHS expression 
is modulated by cry1, but cry1 is not required for UV-B- 
induced expression. In addition, UV-A and blue light each 
act synergistically with UV-B to stimulate CHS, and this 
synergism is retained in cry1-defi cient mutant (Fuglevand 
et al.  1996 ). These results support the notion that there might 
be a considerable complexity in both photoreception and sig-
nal transduction in regulating CHS by UV-B and UV-A/blue 
light in  Arabidopsis . 

 Stomatal opening is one of many physiological responses 
of plants regulated by blue light receptors, PHOT1 and 
PHOT2 (Kinoshita et al.  2001 ; Boccalandro et al.  2012 ), but 
it can also be modulated by UV-B (Eisinger et al.  2000 ). The 
blue light- and UV-B-induced stomatal opening is reversed 
by green light (Eisinger et al.  2003 ). However, phot1/phot2 
double mutants show normal stomatal opening in response to 

UV-B, and green light fails to antagonize this process 
(Eisinger et al.  2003 ), indicating that phot1 and phot2 are 
required for the inhibition of UV-B effects by green light. 
The UV-B bending response of  Arabidopsis  hypocotyls dur-
ing phototropism appears to be mediated by phototropins 
(Eisinger et al.  2003 ). The above evidence give a clear pic-
ture that UV-B is governed by a distinct photoreceptor and 
deeply cross-talked with other light photoreceptors. However, 
the above phenotypes are diffi cult to identify in large genetic 
screening. The phenotypes with shorter hypocotyl and higher 
pigment accumulation under low-fl uence rate of UV-B are 
easier to screen by the eyes. Thus, all the regulators in UV-B 
signaling are identifi ed by these two phenotypes. Moreover, 
hypocotyl growth inhibition and pigment accumulation are 
also featured in light photomorphogenesis. With the identifi -
cation of UVR8, several main regulators in UV-B signaling 
have been revealed. Not surprisingly, most of them have 
other functions in other light signaling.  

14.4.2     COP1: A Negative Factor in Light 
Signaling but a Positive Factor in 
UV-B Signaling 

 COP1 encodes a RING fi nger E3 ubiquitin ligase, which 
consists of three functional domains: a RING fi nger required 
for ligase activity, a coiled-coil domain for dimerization, and 
a WD40-repeat domain for target binding (Yi and Deng 
 2005 ). In the dark, COP1 function as an E3 ligase to target 
the light-responsive transcription factors (such as HY5) to 
repress the light photomorphogenesis. While, in the presence 
of light, COP1 is inactivated, resulting in the stabilization of 
HY5 to unleash the light responses (Osterlund et al.  2000 ). It 
is believed that early inactivation of COP1 by visible light 
occurs through direct interaction with phytochromes and 
cryptochromes (Wang et al.  2001 ; Seo et al.  2004 ), and the 
nuclear exclusion of COP1 is a rate-limiting step for photo-
morphogenic development (Subramanian et al.  2004 ). 
Moreover, the E3 ligase activity requires plant-specifi c SPA 
proteins, which is physically interacting with COP1 through 
the coiled-coil domain (Laubinger et al.  2004 ). 

 The  cop1  mutants display light-grown phenotypes even in 
darkness, including short hypocotyls, open cotyledons, and 
elevated pigment levels. These constitutive light and UV-B 
photomorphogenic phenotypes make them very diffi cult to 
investigate under UV-B, but after prolonged UV-B treatment, 
cop1–4 mutant shows chlorosis, suggesting COP1 may plant 
a positive role in UV-B responses (Oravecz et al.  2006 ). 
Surprisingly, a large number of UV-B-responsive genes are 
inactivated in the cop1–4 mutant (Oravecz et al.  2006 ). In 
contrast to the relocation to cytoplasm in light, COP1 is sta-
bilized and accumulates in the nucleus (Oravecz et al.  2006 ). 
This accumulation is caused by direct gene upregulation by 

HY5

UV-B induced gene expression

UV-B induced photomorphogenesis

STO

COP1

RUP1/2

UVR8

UVR8

UVR8

UVR8

UV-B

FHY3

  Fig. 14.3    UV-B signaling pathway in  Arabidopsis . The UV-B radia-
tion is specifi cally perceived by the UV-B photoreceptor UVR8, result-
ing in the rapid accumulation of COP1 and its interaction with UVR8. 
COP1-UVR8 interaction presumably stabilizes and activates HY5 for 
its transcriptional activity, leading to UV-B-regulated gene expression 
and photomorphogenesis (Fig.  14.3 ). This UV-B signaling cascade is 
feedback regulated by a few negative regulators, including BBX24 and 
RUP1/RUP2. While RUP1/RUP2 negatively regulates UV-B signaling 
by interacting with UVR8, the BBX24 protein fi ne-tunes the UV-B 
responses by impinging on HY5. FHY3 and HY5 have the ability to 
bind to COP1 promoter to control the expression of  COP1        

 

L. Jiang and S. Li



181

UV-B (Huang et al.  2012 ). The rapid interaction of UVR8 
and COP1 is believed to account for the stabilization (Favory 
et al.  2009 ), but the molecular mechanism is still unknown. 
COP1 is also crucial to UV-B-induced HY5 activation, and 
they both accumulate in the nucleus in response to UV-B 
(Oravecz et al.  2006 ). This indicates that COP1 may not have 
an E3 ligase activity in UV-B signaling, and the notion is 
further supported by the evidence that SPA is not required 
for the proper function of COP1 in response to UV-B 
(Oravecz et al.  2006 ). Thus this protein has dual opposite 
functions in response to two different spectra of light. One 
might ask what the function is under solar light, which con-
tains both UV-B and visible light. Is COP1 located in the 
cytoplasm or in the nucleus? Is the amount of COP1 
decreased or increased? These are questions to be elucidated 
in the fi eld condition.  

14.4.3     HY5 Has the Leading Role in Both 
Light and UV-B Signaling 

 Distinct light qualities, which are mediated through different 
photoreceptors, have similar effects on the transcriptomes 
during photomorphogenesis (Ma et al.  2001 ). Therefore, it is 
reasonable to suggest that one or more integration points 
exist for light signaling. A few light-induced transcription 
factors have been identifi ed as key regulators during seedling 
morphogenesis. One of them is HY5, which is a target of 
COP1 for 26S proteasome-mediated degradation (Osterlund 
et al.  2000 ). 

 HY5 encodes a bZIP (basic leucine zipper) transcription 
factor, which could be the most important transcription fac-
tor that not only controls photomorphogenesis (Osterlund 
et al.  2000 ) but also governs other kinds of development, 
such as plant hormone responses (Lau and Deng  2010 ). 
Genome-enabled high-throughput analysis of immunopre-
cipitated chromatin (ChIP-chip or ChIP-seq) have revealed 
that HY5 binds directly to the promoter regions of light- 
responsive genes (Lee et al.  2007 ) and controls ~20 % of the 
light-regulated genes in  Arabidopsis  (Ma et al.  2002 ). 
Meanwhile, HY5 also guides the posttranscriptional regula-
tion systems. For example, HY5 regulates eight miRNA 
(micro RNA) genes that in turn control the transcript abun-
dance of specifi c target genes. Overexpressing HY5-targeted 
miR408 resulted in phenotypes that are opposite to the hy5 
mutants (Zhang et al.  2011 ). Therefore, HY5 is likely to play 
a hierarchical role in photomorphogenesis. Recently devel-
oped large-scale analysis tools have enabled us to gain more 
insight into the mechanisms of how HY5 functions as a cen-
tral transcription factor. More than 10,000 genes are found to 
be regulated by HY5 (Zhang et al.  2011 ), which is three 
times larger than previously reported (Lee et al.  2007 ), owing 
to the development of the resolution of ChIP-seq. As a 

 transcription factor, HY5 has its own binding characters, 
which is aimed at 1 kb upstream of the transcription start site 
(TSS) and 5′ untranslated regions (UTRs) (Zhang et al. 
 2011 ). Three binding motifs, G-box, C-box, and hybrid 
CG-boxes, have been found to occur at a higher frequency in 
the identifi ed HY5-binding regions (Zhang et al.  2011 ). Most 
surprisingly, histone modifi cation is involved in HY5-
mediated gene regulation. Comparing the pattern between 
wild-type and  hy5  seedlings revealed that the level of per-
missive H3 histone modifi cations (acetylated H3K9 and tri-
methylated H3K4) was increased, while that of the inhibitory 
histone H3 modifi cation (di-methylated H3K9) was substan-
tially decreased in HY5-bound regions for genes positively 
regulated by HY5 (Zhang et al.  2011 ). Another important 
feature is that HY5 can be a candidate in a feedback regula-
tion loop, and we will talk about this later. 

 The  hy5  mutant shows aberrant light-mediated pheno-
types in  Arabidopsis , including an elongated hypocotyl and 
reduced chlorophyll/anthocyanin accumulation (Oyama 
et al.  1997 ). But this kind of disturbance is slightly reduced 
by photomorphogenic UV-B radiation (Ulm et al.  2004 ), and 
the hypersensitive phenotype is further extended to UV-B 
stress (Brown et al.  2005 ). Genome-wide expression analysis 
reveals that a large number of UV-B-inducible genes are 
regulated by HY5, including the genes involved in UV pro-
tection (Ulm et al.  2004 ). Therefore, similar to the role in 
light signaling, HY5 is also a central transcription factor in 
UV-B-responsive pathway. However, the function of HY5 in 
UV-B signaling is under the control of UVR8, rather than 
other photoreceptors, because UV-B-induced upregulation 
of HY5 does not show any changes in various photoreceptor 
mutants (Ulm et al.  2004 ). UV-B-induced HY5-dependent 
genes have a large overlap with UVR8- and COP1-dependent 
genes, suggesting these three components work together to 
control the UV-B responses (Brown and Jenkins  2008 ; 
Oravecz et al.  2006 ). Interestingly, UVR8 itself is proposed 
to associate with chromatin in the vicinity of the HY5 
genomic locus regardless of UV-B (Brown et al.  2005 ), but 
this is not the mechanism that UV-B-induced HY5 expres-
sion is tightly regulated by UVR8. In contrast to the COP1- 
mediated degradation of HY5 in darkness, COP1 is required 
for the HY5 expression under UV-B (Oravecz et al.  2006 ). In 
turn, HY5 is found to bind to the ACGT-containing elements 
(ACEs) within the COP1 promoter to upregulate COP1 
(Huang et al.  2012 ). Thus, HY5 is involved in a positive 
feedback loop to fi ne-tune the UV-B responses.  

14.4.4     BBX24/STO Negatively Modulates 
Light and UV-B Signaling 

 STO is a B-box-type zinc fi nger protein with sequence simi-
larities to CONSTANS (Griffi ths et al.  2003 ). It was  identifi ed 
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through a screening from a series of yeast calcineurin 
mutants, where STO protein can rescue the yeast salt- 
sensitive phenotype caused by the defi cient of the catalytic 
subunit genes (cna1cna2) or the regulatory subunit gene 
(cnb1) (Lippuner et al.  1996 ). However,  Arabidopsis  overex-
pressed with STO has not shown typical salt tolerance phe-
notypes, and STO gene itself cannot be regulated by salt 
treatment (Nagaoka and Takano  2003 ). Even more surpris-
ingly, STO is found to have a negative role in light signaling 
(Indorf et al.  2007 ). STO also called BBX24 according to the 
nomenclature for the B-box transcription factors (Khanna 
et al.  2009 ). 

 Despite the ambiguous phenotypes in salt treatment and 
sto/bbx24 mutant and its overexpression,  Arabidopsis  have 
the obvious responses to red, far-red, and blue lights. Mutant 
has a shorter hypocotyl length under these light conditions, 
indicating STO/BBX24 is a negative regulator in light path-
ways (Indorf et al.  2007 ). The transcript is also controlled by 
lights and circadian clock, which is supported by the evi-
dence that the regulation is through PHYA and PHYB, not 
PHOTs or CRYs (Indorf et al.  2007 ). STO/BBX24 interacts 
with COP1 in a yeast two-hybrid system (Holm et al.  2001 ), 
and both of them are co-localized in vivo in darkness (Indorf 
et al.  2007 ; Yan et al.  2011 ). It is assumed that COP1 is 
responsible for the degradation of STO/BBX24 in darkness 
and the proper function in light (Indorf et al.  2007 ; Yan et al. 
 2011 ). After accumulation of STO/BBX24 in light, it nega-
tively modulates the light-responsive genes, such as CHS 
(Indorf et al.  2007 ). 

 A recent study has also extended the negative function 
of STO/BBX24 to the UV-B signaling, which is in agree-
ment with the hypersensitive phenotypes under UV-B, such 
as short hypocotyls and enhanced anthocyanin accumula-
tion (Jiang et al.  2012 ). Both as a negative factor in two 
kinds of signaling, is there any difference on the mecha-
nism? STO/BBX24 can interact with COP1 and HY5 
in vivo, and the interaction with COP1 is dependent on the 
presence of UV-B (Jiang et al.  2012 ). This interaction bears 
the most different mechanism involved in these two signal-
ing, where COP1 functions as an E3 ligase to degrade STO/
BBX24 in dark, and COP1 disarms the interaction to stabi-
lize STO/BBX24 in light (Indorf et al.  2007 ; Yan et al. 
 2011 ), while COP1 is required for the accumulation of 
STO/BBX24 under UV-B (Jiang et al.  2012 ). This indicates 
STO/BBX24 acts downstream of UVR8, because UVR8-
COP1 interaction is the prerequisite for the stabilization of 
COP1 under UV-B. However, no evidence shows that STO/
BBX24 has a direct physical interaction with UVR8 (Jiang 
et al.  2012 ). As a central transcription factor in both light 
and UV-B signaling, HY5-STO/BBX24 interaction seems 
essential to the negative function of STO/BBX24. The 
UV-B-induced accumulation of HY5 is reduced by STO/
BBX24, and even the transcriptional activity of HY5 is also 

repressed by STO/BBX24, resulting in the downregulation 
of most of the UV-B-responsive genes (Jiang et al.  2012 ). 
Interestingly, HY5-STO/BBX24 interaction seems reduced 
by UV-B (Jiang et al.  2012 ). It is not clear whether the neg-
ative function of STO/BBX24 in light signaling achieves 
through HY5, but one should keep in mind that STO/
BBX24 is also a transcription factor. The targets of STO/
BBX24 remain to be further elucidated.  

14.4.5     FHY3: A Dual Function in Light 
and UV-B Signaling 

 As we mentioned before that phytochrome is activated to a Pfr 
form by red and far-red light, and this activation results in the 
translocation from cytoplasm and nucleus. Genetic studies have 
identifi ed two pairs of homologous genes essential for PHYA 
signaling: FHY1 (FAR-RED ELONGATED HYPOCOTYL 1) 
and FHL (FHY1-LIKE), and FAR1 (FAR-RED- IMPAIRED 
RESPONSE 1) and FHY3 (FAR-RED ELONGATED 
HYPOCOTYL 3) (Hiltbrunner et al.  2005 ,  2006 ; Lin et al. 
 2007 ). FHY1 and FHL are essential for light- regulated PHYA 
nuclear accumulation and subsequent light responses 
(Hiltbrunner et al.  2005 ,  2006 ; Rosler et al.  2007 ). However, the 
expression of FHY1/FHL is activated by FAR1/FHY3, trans-
posase-derived transcription factors, through directly binding to 
the promoter region of FHY1/FHL (Lin et al.  2007 ). Meanwhile, 
the expression of FAR/FHY3 is in turn negatively regulated by 
PHYA signaling (Lin et al.  2007 ). Thus, FAR/FHY3 act at a 
focal point of a feedback loop that maintains the homeostasis of 
PHYA signaling. However, this feedback regulation does not act 
alone, because HY5 is reported to bind to the FHY1/FHL pro-
moters and the binding region is very near to the FAR/FHY3 
binding region (Li et al.  2010 ). Further, it is found that HY5 
interferes with FHY3 for binding to the FHY1 promoter (Li 
et al.  2010 ). Moreover, HY5 has a physical interaction with 
FAR/FHY3, but HY5 is a repressor for FHY1/FHL, while FAR/
FHY3 is an activator (Li et al.  2010 ). These provide a compli-
cated mechanism that HY5 works together with other cofactors 
to fi ne-tune the PHYA signaling. 

 Surprisingly, FHY3 shows a positive function in UV-B 
signaling (Huang et al.  2012 ). FHY3 is repressed by far-red 
light (Li et al.  2010 ) but is activated by UV-B and is believed 
to be regulated at a posttranscriptional level as the protein 
level is eventual downregulated under UV-B (Huang et al. 
 2012 ). FHY3 also has the ability to bind to COP1 promoter 
to further positively regulate UV-B signaling (Huang et al. 
 2012 ). But its homolog, FAR, which has a function in PHYA 
signaling, is not essential in photomorphogenic UV-B 
response, and FHY1, a target of FHY3 in PHYA signaling, 
shows no transcriptional response to UV-B (Huang et al. 
 2012 ). The different transcriptional behaviors of FHY3, 
FAR, and FHY1 indicate a fi ne-tuning of light signals that 
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distinguish the PHYA signaling from UV-B pathway. UV-B 
can attenuate the interaction of HY5 with FHY3 (Huang 
et al.  2012 ), which is very similar to the HY5-STO/BBX24 
interaction. As mentioned before, HY5 can also bind to 
COP1 promoter (Huang et al.  2012 ), suggesting HY5-FHY3 
interaction modulates the UV-B-induced COP1 expression 
in concert. Therefore, the working model of HY5-FHY3 
interaction is absolutely contrasting from PHYA signaling to 
UV-B signaling, where HY5 and FHY3 work antagonisti-
cally to bind to FHY1/FHL to regulate PHYA activities in 
far-red light, but they function synergistically to bind to 
COP1 to modulate UV-B responses. 

 The main regulators described above are all involved in 
both light and UV-B signaling, despite two negative fac-
tors, RUP1 and RUP2. Expression of both RUP1 and RUP2 
is induced by UV-B in a UVR8-, COP1-, and HY5-
dependent manner (Gruber et al.  2010 ). RUPs interact with 
UVR8 resulting in modulating UVR8 redimerization 
(Heijde and Ulm  2013 ). Therefore, RUPs play an important 
role in a negative feedback regulation. Interestingly, in 
another study that described RUP1 and RUP2 as EFO1 and 
EFO2 (EARLY FLOWERING BY OVEREXPRESSION 1 
and 2), RUP1/EFO1 and RUP2/EFO2 expression is seen to 
be gated by the circadian clock, with expression levels 
peaking at daybreak and gradually subsiding to their lowest 
level at the onset of the night period (Wang et al.  2011 ). 
However, UV-B-induced RUPs are not likely to have the 
rhythmical expression type, but UV-B is indeed entertain-
ing signal for circadian clock. The expression of select 
clock genes is UV-B responsive, indicating that UV-B 
entrains the plant clock via transcriptional activation. 
Moreover, UV-B induction of clock gene expression is 
gated by the clock. UVR8 and COP1 are essential to this 
biological process, and HY5 and HYH are dispensable 
(Feher et al.  2011 ). However, like RUPs, UV-B-dependent 
induction of HY5 expression does not follow a circadian 
rhythm (Feher et al.  2011 ). It can be deduced that temporal 
restriction of UV-B-specifi c responses by the clock may 
limit metabolic energy costs without compromising UV-B 
protection. However, the exact role of clock- regulated 
UV-B gene expression induction is still unknown.   

14.5     Physical Interaction Between 
Photoreceptors 

14.5.1    Introduction 

 With the identifi cation of UVR8 as a UV-B receptor, the pho-
tomorphogenic UV-B signaling is getting better to be under-
stood. But UVR8 is likely the “strangest” photoreceptor 
when compared with others (i.e., intrinsic tryptophan vs. 
bounded cofactor as a chromophore, dimer to monomer vs. 

monomer to dimer, or phosphorylation to activation   ). 
Meanwhile, UVR8 is not evidenced to physically interact 
with other photoreceptors, suggesting UVR8-mediated 
UV-B signaling is independent of other photoreceptors, 
though the critical regulators are mostly shared by others. In 
this section, we will focus on the physical interaction 
between PHYs, CRYs, and PHOTs.  

14.5.2    Phytochrome-Phototropin Interaction 

 In higher plants   , phytochrome is believed to enter the nucleus 
upon light activation and regulate transcription, whereas 
phototropins are considered to be member associated. These 
two kinds of photoreceptors govern almost different devel-
opmental processes, suggesting they are not associated 
together. However, some evidence is challenging this notion. 
 Arabidopsis  fhl/fhy1 mutants do not show light-dependent 
phyA nuclear translocation, but phyA-mediated responses 
still can be found, implying that a cytoplasmic signal also 
exists (Rosler et al.  2007 ). Phytochrome is surprisingly    asso-
ciated with the plasma membrane as derived from a fl uores-
cence correlation microscopy study in moss  Ceratodon , 
implying that phytochrome assembled with phycoerythrobi-
lin is less mobile at the cell periphery than in the cytoplasm 
(Böse et al.  2004 ). After all, this challenging evidence is dif-
fi cult to understand unless the fi nding of neochrome in ferns 
and algae. Neochrome    is a chimeric molecular that is capable 
of phytochrome function in a phototropin (Nozue et al.  1998 ; 
Suetsugu et al.  2005 ). Further, a fi nding suggests that phyto-
chrome is associated physically with phototropin at the 
plasma membrane in moss  Physcomitrella patens  (Jaedicke 
et al.  2012 ). 

 Phytochrome 4 (Pp.phy4) is the predominate photorecep-
tor responsible for vectorial light sensing in Physcomitrella 
(Mittmann et al.  2004 ). By using various kinds of protein 
interaction assay, such as yeast two hybrid, bimolecular fl uo-
rescence complementation, and co-immunoprecipitation, 
Pp.phy4 is confi rmed to be physically associated with photo-
tropins at the plasma membrane, and light has no effect on 
their association (Mittmann et al.  2004 ). Meanwhile, 
 Arabidopsis  phyA and phot1 also interact at the plasma 
membrane in onion epidermis cells, but only a small fraction 
of the phytochrome is associated with phototropin (Mittmann 
et al.  2004 ). This is in agreement with the evidence that a 
small proportion of phyA always retains in the cytoplasm 
irrespective of the light conditions (Hisada et al.  2000 ). 
However,  Arabidopsis  phyA-phot1 interaction cannot be 
detectable in a yeast two-hybrid assay (Hisada et al.  2000 ), 
probably because of lack of some important factors, such as 
PKS1. All these indicate that there might be a phytochrome 
cytoplasmic signaling, suggesting signals from plant photo-
receptors do not always end up in transcriptional changes. 
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And the downregulation of protochlorophyllide oxidoreduc-
tase A (PORA) by phytochrome is controlled via cytoplas-
mic Pfr (Paik et al.  2012 ).  

14.5.3     Phytochrome-Cryptochrome 
Interaction 

 Pretreatment of plant tissue with red light (which specifi cally 
activates the phytochrome photoreceptor) can signifi cantly 
enhance cryptochrome-dependent responses to blue light, 
whereas far-red light (which converts phytochrome to the 
inactive Pr form) reduces responsiveness to blue light (Mohr 
 1994 ). Genetic experiments with severely phytochrome- 
defi cient single and double mutants demonstrate that a mini-
mal level of active phytochrome is necessary for full 
cryptochrome activity;  Arabidopsis  phyA/phyB double 
mutant is impaired in cry1-mediated inhibition of hypocotyl 
elongation and anthocyanin accumulation (Casal and 
Boccalandro  1995 ; Ahmad and Cashmore  1997 ). It seems 
that phytochrome is required for the full activity of crypto-
chrome. As mentioned before, the photoactivated phyto-
chrome has the kinase activity, and surprisingly 
cryptochromes are its target (Ahmad et al.  1998 ). In vitro 
kinase assay demonstrated that cry1 is phosphorylated in a 
phytochrome-dependent manner, but red or blue light does 
not affect this in vitro phosphorylation. However, in vivo 
assay exhibits that the phosphorylation of cry1 is enhanced 
by red light but compromised by supplemental with far-red 
light (Ahmad et al.  1998 ). Meanwhile, phytochrome is 
mainly targeting the C-terminal of cry1 (Ahmad et al.  1998 ). 
The phyA-cry1 interaction is further confi rmed in the yeast 
two-hybrid assay, where both photoreceptors form a better 
conformational activity than in vitro purifi cation (Ahmad 
et al.  1998 ). 

 Loss of cry1 activity in turn impairs the phytochrome 
responses. The time to fl owering under short-day conditions 
is dramatically reduced in phyB mutant (Goto et al.  1991 ), 
lacking the phyB signal transduction pathway (Ahmad and 
Cashmore  1996 ). However, hy4 mutant, defi cient in cry1 
protein and showing reduced responsiveness to red light, 
fl owered signifi cantly earlier than the wild-type parent 
(Ahmad and Cashmore  1996 ). This result indicates a direct 
interaction of the mutant alleles of CRY1 with phyB result-
ing in impaired function.   

14.6     Phytochrome and Cryptochrome 
Signal Integration 

 To date, there is no evidence showing cryptochromes could 
interact with phototropins or UVR8 could associate with 
other photoreceptors. Different light colors that selectively 

activate different photoreceptors activate a highly overlap-
ping set of genes. Therefore, the signaling responded to dif-
ferent spectrum of light is sharing some components 
downstream from the photoreceptors. These include the 
negative regulator of the DET/COP/FUS class and the posi-
tive regulator HY5 (Quail  2002 ), which are already discussed 
above. In particular, COP1 is responsible for the degradation 
of phyA, cry2, and HY5 (Holm et al.  2001 ; Seo et al.  2004 ; 
Shalitin et al.  2002 ). In this section, we are going to discuss 
three signaling components which act downstream of both 
phyA and cryptochrome and are required for a subset of light 
responses. 

 OBP3 (OBF4-binding protein 3) belongs to a Dof (DNA 
binding with one fi nger) transcription factor (Kang and 
Singh  2000 ), and the function in light signaling is identifi ed 
through an activation-tagging mutagenesis of phyB (Ward 
et al.  2005 ). A gain-of-function mutant, sob1-D (suppressor 
of phyB-4 dominant), suppresses the long hypocotyl pheno-
type of phyB, which is caused by the overexpression of 
OBP3 (Ward et al.  2005 ). OBP3-RNAi transgenic lines show 
reduced responsive to red light in terms of hypocotyl length, 
and this aberrant phenotype requires functional phyB, indi-
cating OBP3 is a positive regulator of phyB-mediated inhibi-
tion of hypocotyl elongation (Ward et al.  2005 ). Furthermore, 
OBP3-RNAi lines are found to have larger cotyledons and 
reach the most dramatic size under blue light. The OBP3- 
mediated cotyledon expansion requires cry1 in blue light. 
These suggest that OBP3 is a negative regulator of cry1- 
mediated cotyledon expansion (Ward et al.  2005 ). Thus, 
OBP3 is a component in phyB and cry1 signaling pathway, 
acting as a positive and negative role, respectively. Ward 
et al. suggest that OBP3 might also work as a general inhibi-
tor of tissue expansion with phyB and cry1. But these pro-
vide the solid evidence that OBP3 represents a connection 
between phyB and cry1 signal transduction. 

 HFR1 (long hypocotyl in far-red 1) is a bHLH transcrip-
tion factor, which is a positive regulator of phyA-mediated 
light responses (Fairchild et al.  2000 ). phyA/hfr1 double 
mutant shows enhanced hypocotyl growth phenotype and 
each of the single parental mutant, indicating HFR1 has the 
function independent of phyA (Fairchild et al.  2000 ). When 
grown in blue light, however, hfr1 mutants exhibit reduced 
de-etiolation responses, including hypocotyl growth, 
 cotyledon opening, and anthocyanin accumulation (Duek 
and Fankhauser  2003 ). Moreover, the functional cry1, not 
cry2, is required for the hyposensitive to blue light, but HFR1 
is not important for the normal accumulation of cry1 (Duek 
and Fankhauser  2003 ). Genetic analysis further reveals that 
HFR1 is downstream of phyA and cry1 (Duek and Fankhauser 
 2003 ), providing a model that HFR1 is a positive integrator 
for both phyA and cry1 signaling. 

 SUB1 (short under blue light 1), encoding a Ca2+-binding 
protein, is fi rst identifi ed by exaggerative short hypocotyl 
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under blue light but later is found to have the same response 
to far-red not to red light (Guo et al.  2001 ). sub1 is epistatic 
to cry2 in blue light, and phyA is epistatic to sub1 in both 
far-red and blue light, suggesting SUB1 functions both in 
phyA and cry2 signal transduction pathways (Guo et al. 
 2001 ). Moreover, blue- and far-red-induced CHS and CHI 
are signifi cantly enhanced in sub1 mutant, and this enhance-
ment is also observed in light-induced HY5 protein accumu-
lation (Guo et al.  2001 ). Therefore, SUB1 defi nes a point of 
cross talk between cryptochrome and PHYA signaling. 

 At molecular level, it has been shown that the interaction 
between phytochromes and cryptochromes occurs at the 
level of photoreceptor. With the advanced of technique, 
especially the large scale of expression analysis, the pres-
ence of multiple levels of signal integration has been sug-
gested. HY5 and COP1 represent two typical integrators, 
which master the signal transduction under all photorecep-
tors. More specifi cally, here we discussed three components 
integrating the phytochrome and cryptochrome signaling. 
OBP3 has a dual function, HFR1 is a positive regulator, and 
SUB1 negatively modulates both phytochrome and crypto-
chrome responses. However, there is evidence that phototro-
pin signaling is cross-talked with phytochrome or 
cryptochrome. For instance, phototropism and chloroplast 
movement are primarily controlled by phototropin, but the 
amplitude of the response is modulated by both phyto-
chrome and cryptochrome (DeBlasio et al.  2003 ; Ohgishi 
et al.  2004 ). To date, the underlying molecular mechanisms 
are still unknown.     
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15.1             Introduction 

 In this review of the different solutions of the optical 
 problems of eye designs encountered in the animal king-
dom, we shall not follow the course of evolution. Instead we 
shall start with our own eyes, as this is what the readers in 
general are likely to be most familiar with. The emphasis 
will thus fi rst be on “camera-type” eyes, and later we will 
deal with compound and other types of eyes. The evolution 
of vision has recently been treated by Nilsson ( 2013 ) and 
   Backfi sch et al. ( 2013 ), and comprehensive accounts of ani-
mal eyes are provided by Land and Nilsson ( 2012 ).  

15.2     The Human Eye 

 We assume that the reader has a basic knowledge of the 
structure of the human eye. It is probably a common miscon-
ception that the refraction of light necessary for the projec-
tion of an image on the retina is mainly due to the lens. In 
fact, 80 % of the refractive power is due to the curved exter-
nal surface of the eye, at the outer surface of the cornea, 
because the difference in refractive index between the cornea 
and air is much greater than that between the lens and its sur-
rounding media (aqueous humor in front, vitreous humor 
behind) (Fig.  15.1 ).  

 To understand how the optical components of the eye 
function, and why evolution of eye design in different envi-
ronments has given the results it has, we shall start with how 
light is refracted in spherical interface. 

 From the formula derived in the legend of Fig.  15.2 , we 
can see that: 
    1.    For fi xed  n  1 ,  n  2 , and  R , the smaller is  a , the larger is  b .   
   2.    For fi xed  a ,  n  1 , and  n  2 , the smaller is  R , the smaller is  b .   
   3.    For fi xed  a  and  R , the larger is the difference between  n  2  

and  n  1 , the smaller is  b .   
   4.    For infi nitely large  a , i.e., point  A  at infi nite distance, 

 n  2 / b  = ( n  2  −  n  1 )/ R , or  b  =  R  ⋅  n  2 /( n  2  −  n  1 ). In this case,  b  is 
the focal distance of the refracting interface. The inverse 
value of  b  is called the refractive power or dioptric power 
of the interface. With  b  expressed in  m , the refractive 
power will be expressed in diopters (=  m  − 1). Since the 
radius of the outer surface of the cornea is over 7 mm and 
the radius of the pupil less than 4 mm (in bright light 
much less), we can use the formula from Fig.  15.2  as a 
fi rst approximation to judge the refractive power  P  1  of 
the outer external surface of the eye using the dimensions 
in Table  15.1 :  P  1  = ( n  2  −  n  1 )/( n  2  R ) = (1.3777 − 1)/0.00777 
m − 1  = 48.52 m − 1  (or 48.52 diopters or 48.52 D). As we 
can see in Fig.  15.1 , the inner surface of the cornea is 
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slightly more curved than the external surface, and the 
medium inside the cornea has a slightly lower refractive 
index, giving a negative contribution to the refractive 
power. Using the same formula again, we can calculate 
that the contribution from this interface is  P  2  = − 6.34 m − 1 .
       To get the total refractive power from these two inter-

faces, we would make no big error by just adding them: 
48.52 − 6.34 m − 1  = 42.18 m − 1 . But a more correct calculation 
is to take the distance between them,  d  1,2  = 0.5 mm = 0.0005 m, 
into account using the formula  P  1,2  =  P  1  +  P  2  −  P  1  ⋅  P  2  ⋅  d  1,2 / n  1,2  
= 48.52 − 6.34 + 48.52 ⋅ 6.34 ⋅ 0.0005/1.3777 m − 1  = 42.29 m − 1 . 
Here  d  1,2  stands for the distance between the interfaces and 
 n  1,2  for the refractive index of the medium between them. 
When we come to the lens below, the correction term is more 
important, because the thickness of the lens is greater than 
that of the cornea. 

 In analogy with the above, we can calculate the refractive 
power of the front surface of the lens to be  P  3  = (1.4000 − 1.3371)/
(12.40 ⋅ 0.001) m − 1  = 5.31 m − 1  and that of the back surface 
 P  4  = (1.3377 − 1.4000)/(−8.10 ⋅ 0.001) m − 1  = 7.69 m − 1 . Note 
that in the latter case, we use a negative value for the radius, 
since the center of the curvature is now in the direction from 

which the light is coming. The total refracting power of the 
lens is  P  3,4  = 5.31 + 7.69 − 5.31 ⋅ 7.69 ⋅ 4.02 ⋅ 0.001/1.4000 m − 1  
= 12.88 m − 1 . We see that the refracting power of the lens is 
only about one quarter of that of the cornea. This is for an eye 
adjusted for vision at a distance. It is, as we shall see, different 
for an eye adjusted (accommodated) for vision at short dis-
tance and even more so for eyes of aquatic animals. 

 We can also make an estimate of the total refractive 
power of the eye:  P  eye  =  P  1,2  +  P  3,4  −  P  1,2  ⋅  P  3,4  ⋅ 16.4 ⋅ 0.001/
1.3371 m − 1  = 48.49. This is just enough to focus light from a 
distant object on the retina in the back of the eye. 

 We must remember that all these calculations are a bit 
approximative, since they all depend on the approximations 
tan( α ) ≈  α  ≈ sin( α ). The further we go from the optical axis, the 
less valid are these approximations. Furthermore, the refrac-
tive index of the lens is not constant, it is higher in the center 
than in the periphery, it varies with wavelength, and the inter-
faces where refractions occur are not perfectly spherical. 

 In Sect.  15.3 , we shall come to a case where we cannot 
use the approximations used here and have to explore the 
function of an eye in another way. 

 The lens is elastic and has a tendency to contract radially 
and extend along the optical axis of the eye, i.e., increase the 
curvature of its refractive interfaces. This tendency is coun-
teracted by the fi bers in which it is suspended, which are 
stretched by the elasticity of the outer tissue of the eye. This 
in turn can be counteracted by the contraction of the ciliary 
muscle. So by the contraction of the ciliary muscle, the 
refractive power of the lens is increased. This regulation is 
called accommodation. In Fig.  15.3 , we see a comparison of 
the shape of the lens when it is adjusted for distance vision 
and for near vision. Birds and reptiles also accommodate by 
changing the shape of the lens, although with different 
mechanical systems (Ott  2006 ). Amphibians and fi shes 
accommodate in an entirely different way by moving the 
lens, and we shall soon understand why.   

15.3      An Eye in Water: The Problem 

 For a fi sh living in water, the refractive index of the water in 
front of the cornea is about 1.33, i.e., close to that of the opti-
cal elements in the eye in Fig.  15.1 , with the exception of the 
lens. The materials of which a fi sh eye is built do not differ 
much from the corresponding materials of a human eye. This 
means that the outer surface of the cornea has almost no 
refractive power and the demands on the lens are much 
greater than for a terrestrial animal. Lens surfaces must be 
much more curved, and in general the lens of a fi sh eye has a 
spherical shape. This accentuates another problem: spherical 
aberration. To understand this, let us study the behavior of 
light passing through a sphere; we can take a glass sphere in 
air as example (Fig.  15.4 ).  

   Table 15.1    Properties of eye components   

 Eye component  Distal  R   Proximal  R   Thickness 
 Refractive 
index 

 1. Cornea  7.77  6.40  0.50  1.3777 
 2. Aqueous humor  3.16  1.3371 
 3. Lens  12.40  −8.10  4.02  1.4000 
 4. Vitreous humor  16.4  1.3377 

  The refractive index is for green light ( center of visible range ). The 
refractive index for the lens is for a portion near the center of the lens. 
Sources: Liou and Brennan ( 1997 ); Liu et al. ( 2005 ); Navarro et al. 
( 1985 )  

n1 n2

A

h R

γ

ba

a b

BO

  Fig. 15.2    Refraction of light at a spherical interface between media 
with different refractive indices,  n  1  and  n  2 . The radius of curvature is  R , 
the center of the sphere  O . A ray from  A  to  B  is refracted in the surface 
at a distance h from the line from  A  to  B . The angle of incidence is  α , 
the angle of refraction  β . The shortest distance of  A  from the interface 
is  a ; that of  B  is     b . For small values of  h  we have the following relations: 
 h / R  = sin( γ ) ≈  γ ;  h / a  = tan( α  −  γ ) ≈  α  −  γ ;  h / b  = tan( γ  −  β ) ≈  γ  −  β . From 
this follows that  h / R  +  h / a  ≈  α  ≈ sin( α ) and  h / R  +  h / b  ≈  β  ≈ sin( β ). Since, 
according to Snell’s law (see Chap.   1    ),  n  1 sin( α ) =  n  2 sin( β ), it follows that 
 n  1 ( h / R  +  h / a ) =  n  2 ( h / R  +  h / b ), i.e.,  n  1 (1/ R  + 1/ a ) =  n  2 (1/ R  + 1/ b ) (indepen-
dently of h as long as  h  is small compared to  R ), or  n  1 / a  +  n  2 / b  = ( n  2  −  n  1 )/ R        
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 In Fig.  15.4 , we see a ray of light entering from a medium 
with refractive index  n  1  into a sphere of refractive index  n  2  
and exiting on the other side into the medium of refractive 
index  n  1 . We have drawn the incident ray as parallel to the 
horizontal optical axis, but this is not a special case. Because 
of the spherical symmetry, any direction can be chosen for the 
optic axis. We have also drawn the two radii of the sphere and 
continued their directions outside the sphere to show the 
 incidence and refraction angles  α  and  β . For the fi rst  refraction 
the angle of incidence is  α  and the angle of refraction  β , since 

the radius is perpendicular to the sphere’s surface at the point 
of intersection. The relation between  α  and  β , according to 
Snell’s law, is  n  1  sin( α ) =  n  2  sin( β ). Because two sides of the 
triangle between the center of the sphere are equal (=  R ), it is 
clear that the angle of incidence at the other refraction is  β , 
and so the angle of refraction there must be  α , again accord-
ing to Snell’s law. Since the sum of angles in a triangle is  π , 
the third angle in the isosceles triangle just referred to is 
 π  − 2 β , and the angle  γ  is  π  −  α  − ( π  − 2 β ) = 2 β  −  α . We express 
the angles in radians here and in the following calculations. 
The angle  δ  is  π – γ –(the top angle in the triangle containing  γ  
and  δ ). This angle, as can easily be seen in Fig.  15.3 , is 2 π  −  α  
−  β , and it follows that  δ  =  π  −  γ  − (2 π  −  π  −  β ) =  π  − (2 β  −  α ) − (2 
π  −  α  −  β ) = 2 α  −  β  −  π . 

 We can now calculate the distance between the focal point 
and the center of the sphere as  R  ⋅ cos( γ ) +  R  ⋅ sin( γ )/tan( δ ). 
Using the other relationships we have derived, this can be 
expressed in terms of  R ,  α ,  n  1 , and  n  2 . If the glass sphere were 
to act as a good lens, this distance should be independent of 
the distance of the incident rays from the optical axis, but it 
turns out that this is not at all the case. In Fig.  15.5 , we have 
traced the rays through a glass sphere of refractive index 
1.538 immersed in water of refractive index 1.336. The fur-
ther from the optical axis the rays impinge on the sphere, the 
shorter is the distance at which the rays intersect the optical 

  Fig. 15.3    The shape of the 
human lens in an eye adjusted 
for vision at a distance ( left ) and 
on a nearby object ( right )       
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  Fig. 15.4    Refraction of light in a homogeneous sphere       
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axis. It is this deviation from good focusing that is called 
spherical aberration.   

15.4     An Eye in Water: The Solution 

 The solution to this problem used by most fi shes and many 
other aquatic animals is to develop a lens with a variable 
refractive index. We have seen that in a sphere with a uni-
form refractive index, the rays far from the optical axis are 
defl ected too much to be focused at the same point as the 
more central rays. Thus, we can understand that to correct 
this, we have to have a lens which has a lower refractive 
index in the periphery. 

 It turns out that it is possible to have a good lens with this 
property and still retain spherical symmetry. The pattern of 
refractive index decrease from the center to periphery in the 
eye lens has now been measured for a number of aquatic 
animals. If we know the refractive index as a function of the 
distance from the sphere center, to trace the ray through 
the sphere, we need to keep track of how far we are from the 
center, and of course of the ray’s direction, to be able to com-
pute how the light progresses from one point to another. 

 This is easiest to do if we use polar coordinates (Fig.  15.6 ), 
with the center of the sphere as origin and the angle  θ  between 
the optic axis and the point as one variable and the distance r 
from the point and the center of the sphere as the other 
variable.  

 The position of the tip of the advancing ray at any time is 
therefore described with the coordinates  θ ,  r . We further use 
the following variables:  n  0 ,  n  cort , and  n  core  – the refractive 
index of the external medium, that of the peripheral part of 
the sphere, and that of the center of the sphere. The angle of 
incidence at the external surface of the sphere is  α , and the 
refraction angle at this refraction is  β . The relation between 
them is the usual Snell’s formula:  n  0  ⋅ sin( α ) =  n  cort  ⋅ sin( β ). We 
can then see from Fig.  15.6  that, as we follow the ray a short 
bit into the sphere and  θ  is increased by a small amount, d θ  
(much smaller than in the drawing), then r decreases by the 

amount d r  =  r  ⋅ d θ /tan( β ). When we know the decrease in  r , 
we can compute the increase in refractive index, d nr , and 
then we know how much the light is refracted and can com-
pute a new direction of the ray. In this way, we can continue 
to trace the course of the light through the sphere. This has 
been done in Fig.  15.7 .  

 The refractive index data for Fig.  15.7  is for a rainbow 
trout and has been taken from Jagger and Sands ( 1996 ). In 
this paper, the refractive index  nr  is given as the following 
function of the refractive index ncore in the center of the 
lens and ncort in the periphery, radial distance r from the 
center of the lens, and  K  = ( n  cort / n  core ) − 1, the latter of course 
not being an independent variable, but introduced as an 
abbreviation. 

    To use this formula in a convenient way in a computer 
program, to know how much we have to change the refrac-
tive index for each small change dr in radial position, we 
differentiate the expression: 

 Note that this expression is negative, because  K  is nega-
tive, but we get an increase in  nr  as we proceed inward in the 
lens, because then also d r  is negative. Eventually both d r  and 
d nr  will turn positive, as the light starts to approach the sur-
face of the sphere again. 

 Those readers who are interested in computing should 
now be able to implement a program for plotting fi gures such 

  Fig. 15.5    Propagation of light through a glass sphere with refractive 
index 1.538, immersed in water with refractive index 1.336. The inabil-
ity of such a lens to focus sharply is a phenomenon known as spherical 
aberration       

a b
= r dθ

dθ

θ
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  Fig. 15.6    Tracing of a light ray through a sphere with variable refrac-
tive index       

  Fig. 15.7    Light traversing a sphere with variable refractive index, 
highest in the center       
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as Fig.  15.7  on their own computers. For other eyes there are 
various formulas like the one for nr above. See, for instance, 
one for the octopus lens in Jagger and Sands ( 1999 ) or a 
number of lenses in Jagger ( 1992 ). The cephalopod eyes and 
lenses, like that of octopus, although evolved along a differ-
ent path, are in principle very similar to fi sh eyes and lenses 
(Jagger and Sands  1996 ) and are often referred to as an 
example of convergent evolution. Convergent evolution is a 
phenomenon encountered over and over in the study of eyes. 

 As we shall learn in the next section, the sphere is only an 
approximation of the lens shape in fi shes. Nature is more 
sophisticated than that.  

15.5     Another Problem: Chromatic 
Aberration 

 The refractive index of all substances varies with wavelength 
(a phenomenon known as dispersion), and except in the 
vicinity of absorption bands, it increases with decreasing 
wavelength. The refractive powers of the cornea and lens can 
therefore not be optimal for all wavelengths at the same time. 
For some wavelength regions we get imaging errors collec-
tively known as chromatic aberration. We distinguish 
between longitudinal chromatic aberration, which means 
that the image is projected at the wrong distance in relation 
to the retina, and lateral (or transverse) chromatic aberration, 
meaning that the projected image has different size for dif-
ferent wavelength regions. We humans overcome this prob-
lem by having sharp vision over a wide wavelength range 
only in the fovea, a small area of the retina close to the optic 
axis of the eye, where the chromatic aberration has minimal 
effect. We also have no ultraviolet-sensitive cells as fi shes 
(and many other animals) do; we even have few blue- 
sensitive cones in the area for sharpest vision, and the yellow 
pigment there decreases blur from blue and violet light. 
Finally, we have small pupils when the things we are looking 
at are well illuminated, so then we use only the central parts 
of the cornea and lens, further limiting chromatic 
aberration. 

 For fi shes the chromatic aberration constitutes a more 
severe problem. Generally they cannot restrict the pupil, so it 
is large even in strong light. A spherical shape of the lens is 
much worse from the viewpoint of chromatic aberration than 
our “lens-shaped” lens, and many fi shes have ultraviolet 
vision (some are also sensitive to light of longer wavelength 
than we are). But fi shes have their tricks, too. Kröger and 
Campbell ( 1996 ) found that the longitudinal chromatic aber-
ration was less than predicted from lens dispersion in several 
fi shes. The reason for this was found (Jagger  1997 ; Kröger 
et al.  1999 ) to be that, for a fi xed wavelength, different zones 
of the lens have different refractive powers, by having 
slightly different radii of curvature. This makes light from at 

least one zone produce a sharp image for each spectral band 
(although some blurring will be produced from the other 
zones). Another structural fi nesse which counteracts (longi-
tudinal) chromatic aberration is that the light-sensitive outer 
segments of retinal cells tuned to different wavelengths are 
positioned at different depths in the retina, corresponding to 
the depths where the spectral bands to which they are tuned 
are focused. 

 The trick to have the lens divided into zones with different 
refractive powers would not work well for us, since our eyes 
are equipped with an iris that contracts in strong light. Thus, 
in strong light we use only the central part of the lens. But if 
you look into the eyes of a cat, you will see that it has a pupil 
which is not circular like ours but forming a vertical slit, 
which even when it closes lets the eye use peripheral parts of 
the lens. A goat, on the other hand, has pupils which are hori-
zontal slits, with the same consequence. 

 Nautilus, the mollusk with beautiful spiral shells, has a 
pinhole camera-type eye that has problems with neither 
spherical nor chromatic aberration, since its eye lacks lens as 
well as cornea. On the other hand, the visual acuity is low, 
especially in dim light when the pinhole in the iris has to 
open up to let more light in.  

15.6     Problems and Solutions 
for Amphibious Animals 

 Terrestrial and aquatic animals each have their specifi c opti-
cal problems to solve in the adaptation of their eyes to their 
environments. What then about animals who live both in air 
and water? There are many such animals: penguins and 
wingborne sea birds, such marine mammals as whales and 
seals, as well as many reptiles and even fi shes. One can 
imagine that their problems must be much greater than those 
of animals who have to adapt to a single external medium. 
We can just think of how blurred our own vision is when we 
go underwater without goggles. 

 For birds diving for fi sh, it can be assumed that it would 
be of great advantage to be able to see the fi sh clearly both 
from the air and immediately after the dive through the water 
surface. Can they do this? The question has been tested for 
some birds. Katzir and Howland ( 2003 ) found that cormo-
rants accommodate within 40–80 ms upon immersion in 
water. The cormorant has relatively low visual acuity in air 
relative to birds of the same body and eye size adapted to air 
vision only, and underwater its acuity is comparable to the 
higher values reported for fi shes and marine mammals (Strod 
et al.  2004 ). On the other hand, cormorants are able to fi sh in 
darkness during the long arctic night (Grémillet et al.  2005 ), 
so perhaps there has been no strong evolutionary pressure for 
sharp air vision in their case. Martin ( 1998 ) studied the eyes 
of albatross, which forage only in light. Albatross eyes have 
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a fl at cornea, which minimizes the change in refractive power 
of the eye upon immersion in water. 

 The bottlenose dolphin has a completely different eye, 
with a curved cornea and a spherical lens without accommo-
dation capability (Litwiler and Cronin  2001 ), but a special 
shape of the pupil makes it possible for the dolphin to have 
almost the same visual acuity in air as in water (Herman 
et al.  1975 ). Herman et al. ( 1975 ) cite older literature about 
visual acuity for many other marine mammals. The harbor 
seal (Hanke et al.  2006 ) also has a largely curved cornea, but 
this has a central vertical strip that is fl at and a pupil which 

closes to a vertical slit, so in suffi ciently strong light, the seal 
has the same visual acuity in air and water. 

 Crocodiles, which have good distance focus in air 
(Fleishman et al.  1988 ), as well as some semiaquatic snakes 
(Schaeffel and Mathis  1991 ) surprisingly do not focus under-
water, although they hunt underwater. On the contrary, some 
other snakes, even from the same genus ( Natrix ), possess an 
enormous accommodation ability. They can change the 
refractive power of the lens by over 100 diopters when they 
go from air to water, compared to some 15 diopters of accom-
modation in a human infant and a mere 1–2 diopters for the 
author at the age of 71. 

 The Atlantic fl ying fi sh seems to be able to select a suit-
able landing site among seaweed by means of vision. Instead 
of a smoothly curved cornea like those of most fi shes, it has 
a pyramid-shaped one with three fl at “windows.” 
Measurements show that this allows it to see reasonably well 
at a distance during its fl ight (Baylor  1967 ; Fig.  15.8 ).  

 A somewhat similar arrangement, but with two fl at win-
dows, is present in another fi sh,  Mnierpes macrocephalus , 
living in the intertidal region (Graham and Rosenblatt  1970 ), 
and also in  Coryephoblennius galerita , a fi sh living on rocky 
shores, which frequently makes excursions out of the water 
(Jermann and Senn  1992 ). The latter has one fl at cornea win-
dow pointing up and a curved one pointing down. The most 
interesting is the “four-eyed fi sh,”  Anableps anableps  
(Fig.  15.9 ). It is a minnow living in freshwater pools in 
Central and South America and catching prey both in the 

  Fig. 15.8    The Atlantic fl ying fi sh has a pyramid-shaped cornea with 
three fl at “windows” (From Baylor  1967 )       

  Fig. 15.9    ( Top )  Anableps  
swimming at the water surface 
(After Saidel and Fabiane  1998 ). 
( Bottom ) Light micrograph of 
longitudinal section through eye 
of  Anableps. DR  dorsal retina, 
for looking up into the air, 
 VS  and  VCE  layers of the 
corresponding ventral cornea,  VR  
ventral retina for looking into the 
water,  DS  and  DCE  layers of the 
corresponding dorsal cornea. 
Note that the lens is fl atter in the 
direction for looking in the air 
than in the direction for looking 
in the water (From Swamynathan 
et al.  2003 )       
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water and above it. It swims with the eye exactly at the water 
surface. The eye has separate retinae for looking in the water 
and looking in the air but uses the same oblong lens for both 
retinae.  

 Some crustaceans, and at least one mollusk (Land  2000 ), 
also have separate optical systems for different purposes, but 
in most cases both systems are then below the water’s 
surface.  

15.7     Feedback Regulation During Eye 
Development 

 How come everything fi ts together so well in an eye? The 
cones (or rhabdomeres in the arthropod eyes to be described 
later) with different spectral sensitivities must be properly 
connected to the correct brain cells, otherwise the animal 
could not distinguish blue from green. The lens must focus 
the image sharply on the retina. We have seen that eyes can 
accommodate by moving the lens or changing its shape, but 
that can only be done to a degree. And what causes the lens 
to have the proper refraction index gradient? A fi sh can grow 
from almost microscopic size to become bigger than a 
human, and throughout this development the eye must be 
able to produce sharp images to remain useful. 

 The answer can to a large extent be summarized in one 
word: feedback. The eye sends signals to the brain, and if the 
brain fi nds that the image is not good enough, it sends signals 
back to the eye to correct the situation. Accommodation is, 
of course, one result of such feedback, but the brain feeds 
back also to developmental processes. The refractive index 
gradient can be affected (Kröger et al.  2001 ), as well as the 
size of the eye (Kröger and Wagner  1996 ). 

 If animals are reared in red light, the kind of visible light 
refracted least by the eye, the eye will develop in such a way 
that if the animals are transferred to blue light, the image will 
be projected in front of the retina. Conversely, if they are 
reared in blue light and then transferred to red light, the red 
light will be too weakly refracted, and the image will be pro-
jected behind the retina (Kröger and Fernald  1994 ). 

 The most dramatic experiments have been carried out 
with chicks supplied with eyeglasses with positive or nega-
tive lenses. In such experiments, it has been shown that the 

growth rate of the eye components is affected in a matter of 
hours by the distorted vision (Zhu et al.  2005 ).  

15.8     Eyes with Extreme Light Sensitivity 

 We have probably all noticed how night-active animals 
refl ect the light from the car’s headlights with their eyes. 
They have a refl ective tapetum, a mirror, behind the light- 
sensitive cells, which directs any light that has escaped being 
caught in the fi rst pass back through the light-sensitive layer. 

 The oilbird,  Steatornis caripensis , lives in caves in 
Venezuela and Trinidad and fl ies out only at night to pick 
fruits in the forests in Venezuela. Thus, it never experiences 
light stronger than full moonlight. In the cave, it also echolo-
cates like bats, but vision is an important sense, as one can 
see from the construction of its retina (Martin et al.  2004 ; 
Fig.  15.10 ). In the human eye, the ratio between the diameter 
of the fully dilated pupil and the length of the eye is approxi-
mately 0.3. In the oilbird eye it is 0.56, which means that the 
irradiance of the retina can be made 3.5 times that of the 
human eye for the same ambient lighting. The retina is 
packed with rods (the most light-sensitive kind of cell in ver-
tebrates) and has only few cones. There are a million rods per 
square millimeter of retinal surface, as compared to a maxi-
mum of about 160,000 in the human retina. The high density 
of rods is possible in part because the rods are thin, but in 
addition they are packed three tiers thick. Light that pene-
trates the fi rst layer may therefore be absorbed in the second 
or third. Surprisingly, though, the oilbird seems to lack a 
refl ective tapetum. Also many deep-sea fi shes have a tiered 
or, as the term of the trade goes, a “multibank” retina (Wagner 
et al.  1998 ).   

15.9     Compound Eyes 

 As far as we know, the fi rst sophisticated eyes to evolve were 
compound eyes. Of these early eyes, those of trilobites 
(Fig.  15.11 ) are best preserved (some for more than half a 
billion years), partly because they had lenses made of calcite. 
Some of them are thought to have had bifocal lenses, so they 
could be used to see both nearby and more distant objects 

  Fig. 15.10    Part of the retina of 
an oilbird with multiple layers of 
rods (From Martin et al.  2004 )       
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(Gál et al.  2000 ). A survey of the different types of trilobite 
eyes is given by Thomas ( 2005 ).  

 Compound eyes in extant animals are known mainly from 
crustaceans and insects but are present also in some other 
animals, such as horseshoe crabs. They can be broadly clas-
sifi ed into apposition and superposition eyes (Fig.  15.12 ), 
and both these categories are present in both crustaceans and 
insects. Excellent reviews have been published by Horridge 
( 2012 ) and by Land and Nilsson ( 2002 ), and compound eyes 
are treated also by Horridge ( 2005 ) and in a book edited by 
Warrant and Nilsson ( 2006 ). Here only a brief introduction 
will be given.  

 The optical system of a superposition eye is so constructed 
that an erect image is formed on the array of rhabdoms 
(the retina), not an inverted image as in our eyes. In general, 
animals adapted to strong light have apposition eyes, those 
adapted to dim light have superposition eyes, but some dim-
light- adapted animals have rather light-sensitive apposition 
eyes, and some adapted to strong light have superposition 
eyes (e.g., Belušič et al.  2013 ). Acclimation to different light 
conditions can be achieved by the movement of pigment 
grains. 

 A compound eye in a small animal cannot attain the reso-
lutions provided by good camera-type eyes. As one of the 

a b

  Fig. 15.11    The    Devonian trilobite  Erbenochile erbeni  (see Fortey and 
Chatterton  2003 ) from the back ( a ) and side ( b ). This animal could see 
in all horizontal directions at once and had an eyeshade ( arrow ) above 

each eye to protect from light from the water surface. In the Devonian, 
there were no birds in the sky to worry about (Copyright the Natural 
History Museum, London. Reproduced with permission)       

  Fig. 15.12    In an apposition eye ( left ) 
composed of several ommatidia, each 
ommatidium separately receives light 
from one direction. In a superposition 
eye ( right ), light from one direction is, 
via the lenses of several ommatidia, 
focused on the light-sensitive part 
( rhabdom ) of one ommatidium. The 
superposition eye shown here works by 
refraction optics, but there exist also 

those with refl ection optics (e.g., Gaten  
 1994 ; see also section 15.11 on mirror 
optics below) and those with a 
combination of refraction and refl ection 
optics       
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pioneers (Mallock  1894 ) in the study of this subject put it: 
“The best of the [compound] eyes… would give a picture 
about as good as if executed in rather coarse wool-work and 
viewed at a distance of a foot.” But recent research has 
revealed that some eyes are a little better than previously 
thought (see below). The spatial or angular resolution of eyes 
can be measured and expressed in different ways, and distin-
guishing two bright points from one another is not the same 
as being able to resolve a pattern of equally sized parallel 
white and black lines. Applying the latter, most commonly 
used, criterion, we can say that even the best compound eyes 
seldom resolve better than 1–2°. Only the largest eyes of 
dragonfl ies and praying mantis are about four times better 
than that, while we can resolve about 1 s of arc, and raptors 
such as eagles can do even better (see Gaffney and Hodos 
 2003  for a table of visual acuity for different birds). 

 Because of the small dimensions of the components of 
compound eyes, their function cannot always be analyzed 
with the kind of optics (“ray optics” or “geometrical optics”; 
Fig.  15.13 ), which we used for camera-type eyes above. 
Instead one must for insects with very thin rhabdoms use 
“physical optics,” in which the electromagnetic wave nature 
of light is taken into account. To fully appreciate the follow-
ing treatise, the reader is advised to fi rst read Sect.   1.2     in 
Chap.   1    .  

 One aspect of physical optics often encountered when 
dealing with the function of compound eyes is “propagation 
mode theory.” This is a very complicated topic and is easily 
misunderstood. For one thing, the term “mode” has several 
meanings, which are often confused. The propagation mode 
we shall be dealing with here is different from cavity mode 
or some other terms used when dealing with laser technol-
ogy, but we shall just call it “mode” in the following. 
Considerable simplifi cation of the full mode theory can be 
used when variations of refractive index are as small as in 
complex eyes (Snyder  1969 ), but even the simplifi ed theory 
is something for the real experts (as can be understood from 
just reading the title of Snyder’s treatment in the reference 
list below), and here I shall give only a nonquantitative 
account, with only very simple mathematics, to give the 
reader a feeling of what mode theory is about. 

 In an object (“light conductor”) consisting of a light- 
transmitting medium for which some dimensions are of 
about the same size as the wavelength of light, light cannot 

propagate in as many ways as in a larger space. Such a light 
conductor can be a thin fi ber used to transmit telephone sig-
nals, but it can also be an ommatidium in a complex eye 
(actually the rods and cones in our own eyes also behave in 
such a way, and an accurate treatment of their optics also 
requires physical optics and mode theory). A mode is a set of 
guided electromagnetic waves in the light conductor. We 
shall assume in the following that the light conductor is 
approximately cylindrical and that the radius of the cylinder 
is not larger than the wavelength of the light it conducts. 
(Some light-conducting structures in real eyes are, it is true, 
far from cylindrical, but the cylinder approximation will be 
enough to get a qualitative understanding.) The cylindrical 
space itself has a higher refractive index than the surround-
ing, so the cylinder is delimited by the boundary between 
two media with different refractive indices. 

 Taking only ray optics into account, light rays can be 
described as bouncing in any way between the walls of the 
cylinder, as long as angles of incidence exceed the critical 
angle (Fig.  15.13 ) and equal the angles of refl ection. But 
according to mode optics, only certain modes can travel 
along the conductor, namely, those for which the wavelength 
has a certain relation to the diameter of the light conductor 
(Fig.  15.14 ).  

 In geometrical optics, we treat light as if it is exactly 
restricted to a certain space, as there exists, for instance, in 

n2

n1

  Fig. 15.13    Light propagating along an internally refl ecting cylinder according to ray optics       

TE0 TE1 TE2 TE3

  Fig. 15.14    Electric fi elds of modes propagating in a cylindrical light 
guide. The  arrow  shows the direction of light propagation and also the 
direction in which fi eld strength is plotted. Note that with increasing 
mode number, more and more of the electrical fi eld, and thus the elec-
tromagnetic energy (which is proportional to the square of the fi eld 
strength), appears outside the fi ber       
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front of a mirror, but not at all inside a mirror. But as we have 
already seen in the treatment of near-fi eld microscopy in 
Chap.   5    , this no longer holds exactly when we go to very 
great detail and small dimensions. We have something called 
the “near-fi eld,” a part of the electromagnetic fi eld which 
goes a little bit outside the limits set by geometrical optics. 
Therefore we shall not be surprised that the waves represent-
ing the modes in Fig.  15.14  extend a little beyond the bound-
ary between regions of different refractive indices. The 
higher the mode order, the further outside the border does the 
mode penetrate, and the higher is the probability that light 
will escape to the external medium. 

 To compute how many modes that can propagate in a light 
conductor, it is convenient to introduce the concept of normal-
ized frequency,  V  (also referred to as the waveguide parameter 
or  V  number). This is a dimensionless number: Here  a  is the 
diameter of the conductor. If  V  is below 4.810, only one mode 
can propagate. From this it can be understood that in animal 
body structures, where the differences in refractive indices are 
small, not many modes can propagate. The number of modes 
is dependent on the refractive indices, so for a proper analysis, 
these must be very accurately determined. Note that 

 (n21-n22)=(n1-n2) • (n1+n2) 
 we can use the formula to make a quick estimate of how 

light (we assume a wavelength of 500 nm) propagates in the 
ommatidium of a compound eye of a honeybee. The rhab-
dom, the light-sensitive structure to the right in 15.15, has a 
diameter of 4,000 nm and a refractive index ( n  1 ) of 1.347, as 
compared to the refractive index of the surrounding sub-
stance ( n  2 ), 1.339. 

 Thus,  V  = 2 π (1000/500) ⋅ (1.347 2  − 1.339 2 ) 1/2  = 2 π  ⋅ 2 ⋅ (0.00
8 ⋅ 2.686) 1/2  = 1.84, and in this structure only one mode can 
propagate. The crystalline cone (to the left of it in the dia-
gram), as the name implies, has a conical shape rather than a 
cylindrical one, but since most of it has a diameter much 
larger than the rhabdom, and the refractive index difference at 
the boundary to neighboring cells is 3.7 times larger, we can 
guess that more than one mode can propagate in it. As we 
shall see below, interesting things can happen in the junction 

between the crystalline cone and rhabdom. Different modes 
are associated with different energy distributions in the cross 
section of the conductor (and in the near fi eld outside it). The 
total energy distribution of all the modes is not obtained by 
adding the energy distributions but by adding the electromag-
netic fi elds of the modes and squaring the sum, provided that 
the modes are coherent (in step with one another, in analogy 
with the famous Young’s double-slit experiment). 

 As an example of where the mode theory can lead us, I 
shall try to explain a discovery which also illustrates what 
was said above: “recent research has revealed that some eyes 
are a little better than previously thought.” Nilsson et al. 
( 1984 ) and van Hateren and Nilsson ( 1987 ) found that the 
vision of certain butterfl ies with apposition eyes is sharper 
than what could be explained with simple-minded optics. 
The lens projects a bright point in the environment as an Airy 
disk into the crystalline cone (Fig.  15.15 ). This Airy disk is 
wider than the rhabdom in that particular ommatidium, and 
consequently one might think that the neighboring rhabdoms 
would be affected by light from the bright point.  

 However, in this case the dimensions of the rhabdom are 
such that two modes can propagate in it (can “be excited,” as 
the jargon goes). The cross-sectional pattern of the 
 electromagnetic fi eld of the sum of these modes corresponds 
very well to the pattern of the Airy disk, with the conse-
quence that the light from the bright point is conducted into 
only one rhabdom and the image in the butterfl y brain will be 
sharper than it would otherwise be.  

15.10     Nipple Arrays on Insect Eyes 

 As was briefl y mentioned in Chap.   1    , some insect eyes carry 
tiny structures on their lenses that decrease refl ection of light 
from them (Fig.  15.16 ). The biological advantage is proba-
bly not primarily to gain more light for vision, but to decrease 
the risk of being spotted by enemies.  

 During an electron microscopic work on photoreceptor 
structures in a night moth, Bernhard and Miller ( 1962 ) 
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  Fig. 15.15    Outer part of an 
ommatidium in the apposition 
eye of the honeybee,  Apis 
mellifera . To the right is the 
outermost part of the light- 
sensitive structure, the rhabdom 
( all of the rhabdom not shown ). 
It has a cross section of 1 μm 
(1,000 nm) (Adapted from Varela 
and Wiitanen  1970 )       
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 discovered that the corneal surface carried cone-shaped 
 protuberances termed nipples, about 200 nm in height and 
arranged in a hexagonal array. The antirefl ective effect of the 
nipple array was shown in microwave experiments on lens 
models scaled to the frequency of the microwaves (Bernhard 
et al.  1963 ,  1965 ) as well as in comparative spectrophoto-
metric measurements on corneal fragments from insects with 
nippled and non-nippled facets (Miller et al.  1966 ). 

 Recently interest in and study of these structures have 
increased, partly due to the possibility of technical appli-
cations. A detailed analysis of the corneal nipple arrays of 
several moth and butterfl y species has been carried out by 
Stavenga and coworkers (Stavenga et al.  2006 ). They 
modeled the refl ectance from dimensions and optical the-
ory. It was found that the refl ectance of the eyes decreases 
with increasing nipple height. Nipples with a paraboloid 
shape and height 250 nm, touching each other at the base, 
almost completely eliminate the refl ectance for normally 
incident light. 

 Nipples and similar antirefl ective structures do not occur 
only in the order Lepidoptera but also in Trichoptera and, 
although with smaller height, in some Diptera (Bernhard 
et al.  1970 ). In a very small moth with tiny eyes, instead of 
nipples, the cornea has a system of regular, radial ridges, 
spaced about 250 nm apart. For such eyes, operating near the 

diffraction limit, this was judged to be a better arrangement 
(Meyer-Rochow and Stringer  1993 ).  

15.11     Eyes with Mirror Optics 

 The eyes treated so far have refraction optics, but (as is the 
case with telescopes and some other man-made instruments) 
eyes can also have mirror (refl ection) optics or a combination 
of refraction and refl ection optics. How biological mirrors 
themselves are constructed and function is described in 
Chap.   10    , so we will skip this subject here. One place for 
refl ectors in eyes has already been touched upon, namely, 
those in the tapetum behind the light-sensitive cells, which 
let light pass a second time through them and thus increase 
the light sensitivity. 

 Only a couple of examples of refl ection optics will be 
described here, and the reader is referred to Land ( 2000 ) for 
details and further examples. 

 One eye that combines refractive and refl ective ele-
ments for projecting an image on the retina is that of a 
scallop. It has a lens like a normal camera-type eye, but the 
lens alone has no enough refracting power to produce a 
sharp image at the retina; it would fall far inside the eye. 
But the curved surface of the eye bottom refl ects the rays 
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  Fig. 15.16     Left , in surface view: 
corneal nipple arrays in the 
nymphalid  Polygonia c-aureum  
( a ) and the lycaenid 
 Pseudozizeeria maha  ( b ), 
showing differences in nipple 
height and shape. The bar is 
500 nm.  Right , in longitudinal 
section: corneal nipple arrays in 
the nymphalids  Bicyclus 
anynana  and  Polygonia 
c-aureum  ( c ,  d ), the pierid  Pieris 
rapae  ( e ), the lycaenid 
 Pseudozizeeria maha  ( f ), and the 
papilionid  Papilio xuthus  ( g ). 
Bars are 500 nm (From Stavenga 
et al.  2006 )       
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back to converge on the retina in front of it from behind 
(Fig.  15.17 ).  

    For some time it was unknown how decapod crustaceans 
like crayfi sh, lobsters, shrimp, and prawns can see, until Vogt 
( 1975 ,  1977 ) discovered that their compound superposition 
eyes have refl ection optics. The principle is shown in 
Fig.  15.18 . Note that the corneas are fl at. The material below 
them does not have a refractive index so that it can produce 
an image. It is instead the refl ective walls of the ommatidia 
that direct the light to the rhabdoms. The diagram shows the 
ommatidia in a light-adapted state, where pigment grains 
(gray) separate the ommatidia optically from one another. In 
a dark-adapted eye, the pigment grains are positioned in such 
a way that they do not separate the rhabdoms. In the upper 
center is a tangential section of the eye near the surface, and 
it can be seen that the ommatidia are square in cross section, 
not hexagonal as most ommatidia in insects.  

 It is interesting that a description of the refl ection optics in 
compound eyes in a popular science magazine (Land  1978 ) 
inspired a design of an x-ray telescope for astronomy (Angel 
 1979 ; Lee and Szema  2005 ). X-rays cannot be defl ected by 
ordinary lenses, and one must use either refl ecting optics or 
so-called zone plates, based on diffraction, somewhat resem-
bling transmission gratings, but with circular geometry.  

15.12     Scanning Eyes 

 Both camera-type eyes, like ours, and compound eyes view a 
large solid angle “in one bite.” This is different from a television 
camera, which scans the visual fi eld point by point. We have 
examples of this way of imaging in the animal world, most pro-
nounced in small crustaceans belonging to the copepods. The 
best studied genera are  Copilia  (Figs.  15.19  and  15.20 ) and 
 Sapphirina . These animals have two eyes, each with a very 
large (in relation to the body size) lens in front of the body, 
and deep in the body a smaller lens and a very tiny retina. The 
retina is so small that almost only one point at a time can be 
projected upon it. But the retinae of the two eyes oscillate 
sideways at a rate of up to 5 s –1  min, getting alternatingly 
closer and further apart. In this way, they scan a thin strip of 
the visual fi eld.   

  Copilia  and  Sapphirina  can be regarded as extreme cases 
of a common theme. They can image only two points at a 
time (one with each eye) and over a short time almost only a 
line. But scanning eye movements are common, not only in 
other crustaceans like  Daphnia  (Frost  1975 ) and crabs 
(Sandeman  1978 ) but also in spiders, mollusks (Land  1982 ), 
and other animals. In these cases, the retina is not quite as 
small as in  Copilia  and  Sapphirina , but nevertheless the eye 

0.1 mm

  Fig. 15.17    Scallop eye, 
schematic (Modifi ed after Land 
 2000 ). The sketch to the left 
shows where the image would 
fall if formed by the lens alone 
( dash - dot rays ) and where it 
actually is projected after 
refl ection at the bottom of the 
eye ( solid line rays ). The sketch 
to the right shows more in detail 
how a beam of light parallel to 
the optical axis is focused       
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movements expand the visual fi eld. Even unicellular 
 organisms like  Euglena  or dinofl agellates, which rotate dur-
ing their swim and thereby let a shadow from a pigment spot 
intermittently fall on the light sensor and thereby determine 
the light direction, can be said to use a related principle. 

 In fact, we ourselves carry out small unconscious eye 
movements called saccades all the time, but these have a dif-
ferent function. In our case, it is thought that these eye 
 movements counteract a shutdown of the signals from the 
retina, which would be the case if the same stimulus was 
maintained on the same spot over a long time. It is thought 
that the jerky fl ight of some insects with fi xed eyes serves the 
same purpose. 

 The tiny eyes of arthropods and other invertebrates have 
fascinated and inspired people from ancient times, over the 
years when magnifying glasses and primitive microscopes 
(Fig.  15.21 ) opened a new world, to our days. It has already 
been mentioned how the elucidation of the function of cray-
fi sh and lobster eyes helped astronomers to improved x-ray 
telescopes. The nipple arrays have been copied in solar 
energy collectors to help light get in but also in light-emitting 
diodes to help light get out (Iwaya et al.  2006 ). There are 
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  Fig. 15.18    Crayfi sh eye (From 
Vogt  1980 ). To the  left  are two 
ommatidia from the compound 
superposition eye. To the  right  is 
a diagram showing how a light 
ray is refl ected against the walls 
of an ommatidium on its way to 
the rhabdom, and at  lower center  
one which shows the ray tracing 
in the whole eye for light from a 
distant point. The  upper center  is 
a surface view of the eye 
showing the square facets       
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  Fig. 15.19    The front part of the body of  Copilia quadrata . The width 
is about 1 mm. The approximately 2-mm-long tail is not visible (From 
Gregory et al.  1964 )       
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many more examples of how eyes have inspired technology 
(Lee and Szema  2005 ; Duparré and Wippermann  2006 ).  

 This shows the importance of interdisciplinary communi-
cation, something which is also an aim of this book.  

15.13     Evolution of Eyes 

 Most organisms have some way to sense the light, and many 
can also sense the direction of light. But we shall restrict the 
term eye to a structure which can sense the direction of light 
rather well and produce a kind of “picture” of the external 
world, but not necessarily as a projection on a retina. 
Although many pigments are employed as light sensors (see 
Chap.   13    ), only a group of chromoproteins collectively 
known as rhodopsins are used as sensors in eyes. The chro-
mophores, which together with the protein moieties, the 

opsins, form the rhodopsins, are all closely related  terpenoids 
known as retinals, although it has recently been found that in 
special cases chlorophyll derivatives are also involved in 
vision (Douglas et al.  1998 ,  1999 ; Isayama et al.  2006 ) and 
archaean rhodopsin can have a carotenoid as antenna chro-
mophore (Balashov et al.  2005 ). 

 Rhodopsins occur throughout the three domains of life: 
Archaea, Bacteria, and Eukarya. The rhodopsins in Archaea 
are of a type, also occurring in Bacteria and Eukarya, which 
seems not to be involved in imaging vision and in the eyes, 
although they may act in light sensing (while some use light 
to pump ions in or out of cells). The type of rhodopsin 
involved in vision, having amino acid sequences quite differ-
ent from those of “archaean” or “type 1” rhodopsins, occurs 
only within Bacteria and Eukarya. Both main types of rho-
dopsin may occur in the same bacterium, in which case the 
type 1 rhodopsins have probably been acquired by gene 
transfer from archaeans (Mongodin et al.  2005 ). Both main 
types of rhodopsin may have a distant common evolutionary 
relationship despite differences in amino acid sequence, 
since they share a seven-helix transmembrane structure 
(although some helices have been lost in some of them). 
There are also opsins which do not combine with the retinal 
and are not used for vision (Terakita  2005 ). 

 From this it seems likely that all eyes have evolved from a 
common light-sensing structure. Opinions about the later 
evolution differ among experts. Some believe that imaging 
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  Fig. 15.20    Sketch of a  Copilia  eye ( left ) and detail of the inner part 
( right ) (From Wolken and Florida  1969 )       

  Fig. 15.21    Robert Hooke’s ( 1665 ) drawing of the head of gray 
drone fl y       
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eyes have evolved independently more than 40 (or even more 
than 60) times in different animal groups (von Salvini- 
Plawen and Mayr  1961 , as cited by Gehring  2005 ), while 
Gehring ( 2005 ) argues strongly for monophyly, and Fernald 
( 2000 ) can be said to take an intermediate position. There 
seems to be a deep evolutionary split between ciliary photo-
receptors (as the rods and cones in our eyes) and rhabdo-
meric photoreceptors (as the ones in simple and compound 
eyes of arthropods). But Arendt et al. ( 2004 ) found both cili-
ary and rhabdomeric photoreceptors in the same animal species, 
a rag worm. 

 At least in part the differences between “monophyloge-
nists” and advocates of convergent evolution are to some 
extent due to terminology confusion. “A has evolved from 
B” or “A is homologous with B” was clear as long as scien-
tists had only visible morphological characters to consider. 
When molecular phylogeny emerged, the terminology for a 
while became blurred but is now beginning to clear up again. 
As Nielsen and Martinez ( 2003 ) point out, “homologous 
structures in two or more taxa are structures derived from the 
same structure in their latest common ancestor.” In that 
sense, all parts of all eyes are certainly not homologous. On 
the other hand, it has been clearly demonstrated that several 
of the genes and signaling systems for the development of 
eyes are related between animals as different as insects and 
vertebrates. The most dramatic has been the demonstration 
(Gehring  2005 ) that eyes can be induced on the antenna of a 
fruit fl y by transfer of a mouse gene (Pax6) which induces 
eye formation in that animal or a similar gene from a fruit fl y 
that induces eye formation in a toad (Onuma et al.  2002 ). It 
should be pointed out that Pax6 has other functions, too, and 
perhaps this and related genes are more generally involved in 
the organization of sense organs and nerve systems rather 
than specifi c eye organizers. A single Pax-type gene is pres-
ent in the box jellies (cubozoans), where it is expressed both 
in parts of the eyes (retina and lens) and in the balance organs 
(Kozmik et al.  2003 ). Oakley ( 2003 a ,  b ) contemplates the 
question of monophyly or polyphyly specifi cally for com-
pound eyes. He presents evidence that the compound eyes of 
insects and crustaceans are homologous. But the group 
among crustaceans with compound eyes that he has particu-
larly studied, myococopid ostracods, seems to have no close 
relatives or ancestors with compound eyes, so it seems that 
compound eyes have evolved again on that line. Oakley 
( 2003b ) suggests the possibility that “complex structures 
like eyes might not evolve de novo every time and many of 
the steps toward origin need not be repeated… genes or even 
whole developmental pathways may be retained during evo-
lution, even in the absence of the morphological features 
where those genes were once expressed.” As a classic exam-
ple, the existence of a latent developmental program was 
proposed to explain the experimental induction of teeth in 
chickens (Kollar and Fisher  1980 ; Gould  1983 ; Chen et al. 

 2000 ). In a more recent example, Whiting et al. ( 2003 ) sug-
gested, based on  phylogenetic distribution, that insect wings 
may be evolving by “switchback evolution.” This appears to 
me to be a very reasonable standpoint, and Harris et al. 
( 2006 ) can now be added to the list of citations as an even 
more striking illustration. 

 Although the opsin part of rhodopsins are all related (with 
the exception of the archaeal type), and the chromophores 
are also related, there are differences in the details, not only 
in the opsin proteins, but also in the chromophores (Chap.   9    ) 
and in their biosynthesis. In eukaryotes, the retinal is formed 
by the oxygenation of β-carotene but in the cyanobacterium 
 Synechocystis  by oxygenation of a β-apocarotenal (Ruch 
et al.  2005 ). For the formation of 3-hydroxyretinal and 
3-hydroxyretinol from the retinal in insects, one or, respec-
tively, two more oxygenation steps are required, each using 
specifi c enzymes (Seki et al.  1998 ; Ahmad et al.  2006 ). All 
these oxygenations require molecular oxygen, and the path-
ways could not have evolved prior to the oxygenation of the 
environment. As in eukaryotes, the retinal in halobacteria is 
formed by oxygenation of β-carotene (Peck et al.  2001 ). 
Since the split between eukaryotes and archaeans is thought 
to be older than environmental oxygen, this indicates either 
parallel evolution or horizontal gene transfer, a question that 
could perhaps be solved by a comparison of the sequences of 
the various oxygenases. 

 The materials of the lenses have no common origin. The 
main proteins in vertebrate lenses, the crystallins (see 
Piatigorsky  2006 ), have nothing in common with the lens 
material in arthropods or mollusks, and lenses in some ani-
mals like trilobites (Thomas  2005 ) and brittle stars 
(Aizenberg et al.  2001 ) were or are made, wholly or in part, 
from an inorganic material, calcite. 

 One cannot but marvel when realizing how sophisticated 
the eyes or other light-recording structures are in some at 
fi rst glance very “simple” animals, like the brittle stars 
(Aizenberg et al.  2001 ) or box jellies (Martin  2004 ; Nilsson 
et al.  2005 ), or even some unicellular organisms. Gehring 
( 2005 ) shows pictures of various dinofl agellates having eye- 
like structures with lenses, light-sensitive regions, and pig-
mented areas within a single cell. Francis ( 1967 ) estimated 
the refractive index of the presumed lens of such an organism 
to be around 1.5, i.e., much higher than that of a human lens, 
which makes it even more likely that it really has an optical 
function. However, it is to go too far to speculate, as Gehring 
( 2005 ) does, that a dinofl agellate structure could be an eye 
precursor, since the rather advanced eyes of trilobites prob-
ably evolved before dinofl agellates. 

 The lenses of brittle stars (Aizenberg et al.  2001 ) and of 
box jellies (Nilsson et al.  2005 ) have a surprisingly advanced 
construction, being able to produce images supposedly too 
sharp for the nervous systems of these animals to take full 
advantage of. In both cases, they have refractive index 
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 gradients of the same type as described above for the lenses in 
fi sh and octopus eyes. Also other echinoderms and cnidarians 
are sensitive to light. Some other members in these groups 
possess what can be described as crude vision. Sea urchins 
have been investigated in most detail (Ullrich-Lüter et al. 
( 2011 ). Between their spines they have tube feet which have 
photoreceptive cells both at their bases and in their distal disks 
(Fig.  15.22 ). Depending on how many spines they have, their 
visual acuity varies between ca 30° (0.07 sr) for  Echinometra  
species (Blevins and Jonsen  2004 ) to 10° (0.024 sr) for 
 Strongylocentrotus purpuratus  (Jackson and Johnsen  2011 ).  

 A review of the dermal light sense that many animals pos-
sess is provided by Ramirez et al. ( 2011 ).     
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16.1             Introduction 

 The earth began to form about 4.6 Ga (gigayears, billion 
years) ago. Thirty million years later a core had formed (Yin 
et al.  2002 ; Kleine et al.  2002 ), and as early as 4.4 Ga ago, 
there may have been a continental crust and an ocean (Wilde 
et al.  2001 ). Land probably started to emerge from the ocean 
3.4 Ga ago (Flament  2013 ). Between 4.2 and 3.7 Ga ago, the 
earth was subjected to “the late heavy bombardment” 
(Gomes et al.  2005 ), which is by many thought to have 
wiped out any life that might have existed at that time. The 
oldest known fossils are 3.34 Ga old (Fliegel et al.  2010 ). 
The fi rst organisms emerging after that cataclysm may not 
have been able to carry out photosynthesis, but relied on 
conversion of energy for their life processes by reducing 
carbon dioxide to methane, using hydrogen as reductant 
(see Thauer et al.  2008  for further information). 
Photosynthetic life is likely as ancient as the currently earli-
est fossils, probably at least 3.3–3.4 Ga (Blankenship  1992 ; 
Tice and Lowe  2004 ,  2006 ; Westall et al.  2011 ). The earliest 
photosynthesis differed from the process taking place in 
plants now, but there are likely to be some features that may 
be traced all the way back to the earliest form of 
photosynthesis.  

16.2     A Brief Review of Oxygenic 
Photosynthesis 

 Oxygenic photosynthesis consists of the oxidation of water 
to molecular oxygen and reduction of carbon dioxide to 
organic matter, primarily carbohydrate. It takes place in 
chloroplasts, with one set of reactions in the pigment-rich 
thylakoid membranes and another set of reactions in the 
stroma (Figs.  16.1  and  16.2 ).   

 In the thylakoid membranes the following takes place: 
Light is absorbed by chlorophyll  a  and other pigment mol-
ecules. The absorbed energy is transferred to reaction cen-
ters (RC). There are two kinds of reaction center-containing 
pigment- protein complexes, photosystem I (PSI) and pho-
tosystem II (PSII) (see Figs.  16.3  and  16.4 ). They can be 
regarded as light-powered “electron pumps” that move 
electrons between electron carriers, and thereby chemically 
stabilize the energy, originally contained in absorbed pho-
tons. These pumps are connected in series by another pro-
tein complex (the cytochrome b/f complex) and two smaller, 
mobile electron carriers, plastoquinone, and plastocyanin. 
The “electron pumps” lift electrons from an energy-poor 
state in water to an energy-rich state in NADPH. What 
remains of the two water molecules from which electrons 
have been removed is free oxygen (molecular oxygen, O 2 ) 
and hydrogen ions (protons). As a consequence of the elec-
tron transfer process, protons are pumped from the stroma 
into the interior of the thylakoids. This proton concentra-
tion difference between the inside of the thylakoid and the 
outside (stroma) is then used to produce energy-rich phos-
phate, ATP by the ATP synthase. The process outlined 
above is, in essence, the chemiosmotic theory of Peter 
Mitchell for which he received the Nobel Prize in 1978. In 
the stroma, reduced ferredoxin and ATP and protons are 
used to reduce carbon dioxide to carbohydrate. This is a 
very brief description of the essential steps of oxygenic 
photosynthesis. For  further details on the photosynthetic 
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process, see Ke ( 2001 ), Blankenship ( 2014 ), Nelson and 
Ben-Shem ( 2005 ), Golbeck ( 2006 ) for PSI, and Wydrzynski 
and Satoh ( 2005 ) and Rutherford and Faller ( 2003 ) for 
PSII. Oxygenic photosynthesis is carried out by plants, 
algae and cyanobacteria. In contrast, a large number of 
photosynthetic bacteria carry out anoxygenic photosynthe-
sis where water is not oxidized, and oxygen is not evolved 
(see Section  16.5 ; for details, and chapters in Blankenship 
et al.  1995 , and Hunter et al.  2009 ).    

16.3     The Domains of Life 

 The living world is subdivided into three “domains” or main 
organismal groups, i.e., Archaea (formerly called archaebac-
teria), Bacteria (eubacteria, or just bacteria), and Eukarya 
(eukaryotes) (Woese  2005 ). 

 Photosynthesis is only found in the domain Bacteria (as 
such or when they became parts of certain Eukarya). That 
plants can carry out photosynthesis is because the precursors 
of plant cells had combined with a photosynthetic bacterium 
in endosymbiotic events (see Sect.  16.8 )  

16.4     Predecessors of the First 
Photosynthetic Organisms 

 As already mentioned, oxygenic photosynthesis can be 
divided into two processes: (1) oxidation of water and trans-
port of electrons and protons in the thylakoids, with ensuing 
synthesis of ATP, and (2) reduction of carbon dioxide, taking 
place in the stroma. Of these, the reduction of carbon dioxide 
may be a much more ancient process than the oxidation of 
water. One type of light-independent carbon dioxide reduc-
tion is its reduction to methane with hydrogen as a reductant. 
Light-independent reduction of carbon dioxide in early 
organisms may be more ancient than that driven by the thy-
lakoids (Battistuzzi et al.  2004 ). It is possible that one of 
these early light-independent carbon reduction pathways is 
the ancestor of the carbon fi xation taking place in the stroma 
of chloroplasts. Plants use the enzyme RuBisCO (ribulose- 1, 
5-bisphosphate carboxylase/oxygenase) to bind carbon diox-
ide; further, some nonphotosynthetic bacteria also use this 
enzyme. 

 RuBisCO has similarities to other enzymes with other 
functions in bacteria, which do not fi x carbon dioxide, such 
as 2,3-diketo-5-methylthiopentyl-1-phosphate enolase in 

Grana Stroma lamellae
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Lumen
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FNR F-ATPaseFd

b6f
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  Fig. 16.2    Arrangement of molecules participating in photosynthesis in 
a green plant. Of the large protein complexes, photosystem II ( PSII ) is 
located predominantly in the grana lamellae (parts of thylakoid mem-
branes forming grana) and photosystem I ( PSI ) and F-ATPase (ATP 
synthase) mainly in the stroma lamellae. In PSII, electrons are trans-
ferred from water to the cytochrome b6f complex via plastoquinone 
( Pq ), and from there, they are transferred to PSI via plastocyanin ( Pc ). 
Electrons from PSI go via ferredoxin ( Fd ) and ferredoxin- NADP reduc-
tase ( FNR ) to NADP. The resulting NADPH is used as a reductant in 
carbon dioxide assimilation, which takes place in the stroma. Coupled 
to the electron transport is a translocation of protons from the stroma to 
the lumen of the thylakoid membrane. Protons fl owing back to the 
stroma via the ATP synthase drive the synthesis of ATP, which is also 
used in carbon dioxide assimilation. Variations of this scheme occur, 
and cyanobacteria and algae on the red line of evolution differ in several 
respects (see Sects.  16.7  and  16.8 ) (From Nelson and Ben-Shem  2002 )       

Stroma Thylakoid

Stroma

Granum

  Fig. 16.1    An electron micrograph of a section of a chloroplast from 
tobacco leaf ( top ) and the same at a higher magnifi cation ( bottom ) 
showing details of grana and thylakoids. The stroma thylakoids ( stroma 
lamellae ) run through the stroma between the grana (Courtesy of 
Professor Claes Weibull, Lund University)       
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  Fig. 16.3    Drawing of electron transport (the so-called Z-scheme) in 
oxygenic photosynthesis in plants, algae, and cyanobacteria. Light is 
collected by antennas pigments, symbolized as funnels and transferred 
to reaction center pigments (P680 in PS II and P700 in PS I, in both cases 
chlorophyll a). Electrons are “sucked” from water via the manganese 
complex (made up of 4 Mn and 1 Ca) in the water-splitting enzyme and 
a specifi c tyrosine residue in a PS II peptide. Using energy from light, 
photosystems “lift” the electrons to a higher energy (more negative 
redox potential). They leave the reaction center chlorophylls, which tem-
porarily become positively charged, and fl ow over a chain of electron 
carriers. Of these, Pheo (pheophytin), Q A  and Q B  (both  quinones), as 
well as A 0  (chlorophyll), A 1  (vitamin K), F x  and F A , and F B  (iron– sulfur 

centers) are membrane bound, while PQ is plastoquinone that diffuses in 
the membrane lipid, PC is plastocyanin, a small copper protein that dif-
fuses in the aqueous lumen space, and Fd (ferredoxin) and NADP +  (nic-
otinamide dinucleotide phosphate) diffuse in the stroma. FNR stands for 
the enzyme ferredoxin-NADP +  reductase. The feet and rabbit ears on PQ 
and PC symbolize that they are mobile. Between them is the large cyto-
chrome b6/f complex with several electron carriers. When NADP +  takes 
up two electrons and one proton, it becomes NADPH, which is used for 
carbon dioxide reduction (From Govindjee  2000 ). What is missing in the 
diagram is a bicarbonate ion, bound on a non-heme iron, between Q A  
and Q B , nd required for the reduction of Q B . An account of the research 
that has led to the Z-scheme is given by Govindjee and Björn ( 2012 )       
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  Fig. 16.4    Energy transformation in photosynthesis. Light energy 
absorbed by antennas pigments is transferred to reaction centers where 
charge separation takes place. The positive charges are transferred to 
water, which splits into hydrogen ions (H + ) and molecular oxygen (O 2 ). 
The nonequilibrium distribution of hydrogen ions ultimately results in 

energy trapped in ATP, while the energy gained by the nicotinamide 
adenine dinucleotide (NADP + ) as it is reduced to NADPH makes it pos-
sible for it to act as a reductant for carbon dioxide, aided by the energy 
from ATP       

 Bacillus subtilis  (Ashida et al.  2003 ,  2005 ), and it may have 
evolved from a protein involved in sulfur metabolism. 

 When the fi rst photosynthetic organisms appeared, they 
inherited many useful biochemical components from their 
nonphotosynthetic predecessors, including soluble compo-

nents present in the chloroplast stroma and the electron 
transporters in the thylakoid membranes. 

 Iron–sulfur proteins are thought to have an ancestry that 
reaches back to life’s beginnings, with their active centers 
being derived from inorganic iron sulfi de. Eck and Dayhoff 
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( 1966 ) suggested that the protein part of ferredoxin has 
evolved from a peptide with only four amino acids. Other 
types of electron transporters in the thylakoids with very 
ancient origins are quinones and cytochromes. According to 
one view (Schoepp-Cothenet et al.  2013 ) the last universal 
common ancestor (LUCA) was equipped with quinones and 
cytochromes, but reasons for a different view have also been 
presented (Sousa et al.  2013b ; Xiong and Bauer  2002 ). The 
most important of the thylakoid pigments, chlorophyll  a , is 
derived from the same biosynthetic pathway that leads to 
heme, the central part of cytochromes. During chlorophyll 
biosynthesis, there are steps that convert protochlorophyllide 
to chlorophyllide; interestingly, the genes for the enzyme 
reducing protochlorophyllide to chlorophyllide  a  in the dark 
(DPOR) is thought to have been derived from genes for 
another enzyme, nitrogenase, which is used by organisms to 
fi x N 2  (Armstrong  1998 ; Chew et al.  2007 ). 

 Photosystems I and II are possibly descendants of cyto-
chrome  b , as structural similarities between the cytochrome 
b6/f-and photosystems have been presented by Xiong and 
Bauer ( 2002 ); further, the cytochrome complex also contains 
one molecule of chlorophyll  a  per monomer (Baldet al.  1992 ; 
Huang et al.  1994 ; Pierre et al.  1997 ; Stroebel et al.  2003 ; 
Kurisu et al.  2003 ; Dashdori et al.  2005 ). Another line of evi-
dence for an ancient relationship between cytochromes and 
reaction centers comes from the fi nding that cytochromes  b  
from various sources, as well as other heme compounds, can 
be photoreduced using light absorbed in the heme (Pierre 
et al.  1982 ; Asard et al.  1989 ; Gu et al.  1993 ; Rubinstein 
 1993 ; Zhang et al.  2005 ; Löwenich et al.  2008 ).  

16.5      The First Photosynthesis 

 The fi rst photosynthetic organisms did not have two types of 
photosystems in series, as the present-day cyanobacteria, 
algae, and plants do, but contained a single type of photosys-
tem. The very fi rst photosynthetic organisms could not 
 oxidize water to molecular oxygen—thus far, the researchers 
agree, but not further. Extant photosynthesizing bacteria can, 
with regard to photosystems, be divided into three main 
groups. (1) Cyanobacteria (formerly referred to as blue-
green algae) with two photosystems (PSI and PSII) con-
nected in series, and evolving oxygen; we shall return to 
them later; (2) green sulfur bacteria, heliobacteria, and 
acidobacteria, with only a single photosystem resembling 
PSI of plants and cyanobacteria; (3 purple bacteria and fi la-
mentous anoxygenic phototrophs (also known as green non-
sulfur bacteria), also with single photosystem resembling the 
PSII core in plants and cyanobacteria, but without water oxi-
dizing machinery (see Hu et al.  2002 ). All photosystems, 
PSI-like as well as PSII-like, have important similarities so 
that there is no doubt that they all derive from the same 
ancestral photosystem. 

 Where is the origin of this fi rst photosynthesizer? Nisbet 
et al. ( 1995 ) suggested that the ability to photosynthesize 
would have evolved from a system involved in orientation 
(e.g., phototaxis) in bacteria living deep in the sea near 
hydrothermal vents, which were able to sense heat radiation 
from the vents. Björn ( 1995 ) suggested that it would not have 
been possible to drive photosynthesis by the heat radiation 
from those vents. However, Beatty et al. ( 2005 ) showed that 
photoautotrophic bacteria are present in the vicinity of ther-
mal vents. White et al. ( 2000 ,  2002a ,  b ) have shown that the 
vents radiate not only heat radiation but also visible light 
which probably originates from oxidation of sulfi de (Tapley 
et al.  1999 ). 

 Hirabayashi et al. ( 2004 ) have cultivated a photosynthetic 
bacterium,  Chlorobium phaeobacteroides , in very weak light 
(less than 3 μmol photons m –2  s –1  of photosynthetically active 
radiation). After theoretical considerations, Raven et al. 
( 2000 ) suggested that a photosynthetic organism might be 
able to live even with a daily average of only 4 nmol photons 
m –2  s –1 . 

 The most ancient evidence for photosynthesis, accepted 
by a majority of scientists, is found in a 3.416-Ga-old chert 
in South Africa (Tice and Lowe  2004 ,  2006 ). Even more 
ancient evidence for photosynthesis is present in the carbon 
isotope composition of a 3.8-Ga-old graphite in Greenland 
(Olson  2006 ). The organisms performing this ancient photo-
synthesis may have used molecular hydrogen as a reductant. 
Later, electron donors such as divalent iron (Fru et al.  2013 ) 
or hydrogen sulfi de were utilized. Fossils attributed to photo-
synthetic organisms based on morphological features have 
been described by Awramik ( 1992 ) and Fru et al. ( 2013 ). 

 Green sulfur bacteria, heliobacteria, and photosynthetic 
acidobacteria, which have the same type of PSI-like photo-
synthetic reaction center, are not closely related, as judged 
by other characteristics. Nor all the bacteria having PSII- like 
photosystems are closely related.  Chlorofl exus aurantiacus , 
with a photosystem of type II, has about the same pigment 
complement as  Chlorobium tepidum  with a photosystem of 
type I. These apparent “inconsistencies” are explainable by 
“horizontal” or “lateral” gene transfer, meaning that a gene 
can be transferred from one unrelated organism to another 
(Raymond and Blankenship  2003 ; Raymond et al.  2003a ,  b ). 
During the enormous time span of bacterial evolution, there 
must have been suffi cient occasion for transfer of all the 
genes required for the formation of photosystems. 

 Although anoxygenic photosynthesis is thought by 
most to have preceded the more complicated oxygenic 
photosynthesis (see Björn and Govindjee  2009 ), there has 
been disagreement about whether the use of chlorophyll  a  
as light-harvesting and reaction-center pigment, as is the 
case in most extant oxygenic organisms, or some version 
of bacteriochlorophyll came fi rst. Granick ( 1957 ) reasoned 
that, since chlorophyll  a  precedes bacteriochlorophyll in 
the biosynthetic pathway of modern organisms, chloro-
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phyll  a -based photosynthesis must have preceded bacte-
riochlorophyll-based photosynthesis in evolution. Olson 
and Pierson ( 1987 ) further speculated that the fi rst pho-
tosynthesis was mediated by a pigment, a couple of steps 
further back in the biosynthetic path, namely, protoporphy-
rin IX. The absorption coeffi cient of this compound at its 
long- wavelength absorption maximum is 7,000 M −1  cm −1  
(in ethyl ether), as compared to 22,000 for protochloro-
phyll and 90,000 for chlorophyll  a . Therefore it seems that 
the additional steps within the prolongation of the biosyn-
thetic path way brought with it considerable improvement 
in absorption power. The addition of the a light-harvesting 
antennas to the reaction center led to more photosynthesis 
and, thus, growth, since more photons could be harvested 
(see Sect.   1.18    ). 

 Further, Olson and Pierson ( 1987 ) drew up a scheme, in 
which a reaction center of type 1 evolved before type 2. In 
a primitive organism with this single reaction center and 
only one type of photoreaction, a gene duplication took 
place which led to an organism with both type 1 and type 2 
reaction centers, as in the present-day cyanobacteria. 
Bacteria having only type 2 reaction centers then evolved 
by deletion of the genes for type 1 reaction centers.   With 
increase in sequenced bacterial genomes, it has become 
possible to test these ideas. Mulkidjanian and Galperin 
( 2013 ) arrived at largely the same evolutionary scenario as 
did Olson and Pierson ( 1987 ) (Fig.  16.5 ), but with addi-
tional details.  

 A fi nal step in the evolution of anoxygenic photosynthesis 
would have been the replacement of chlorophyll  a  with vari-
ous forms of bacteriochlorophyll. Gupta ( 2013 ) provides 
evidence that genes in the terminal steps of bacteriochloro-
phyll (or more specifi cally bacteriochlorophyll  a ) synthesis 
are derived from the corresponding genes for chlorophyll  a  
synthesis. 

 Chlorine reductase is found in anoxygenic photosyn-
thetic bacteria, but not in cyanobacteria. Gupta ( 2013 ) points 
out that conserved insertions or deletions in the NifH, BchX, 
and BchL proteins provide evidence that BchX homologues 
originated prior to the BchL homologues and that a conserved 
indel in the BchL protein provides evidence that BchL homo-
logues from Heliobacteriaceae are primitive in comparison 
to sequences from other phototrophs. Several researchers 
(including Radhey S. Gupta) have come to the conclusion 
that photosynthesis originated in Heliobacteriaceae; further, 
they fi nd it likely that either Chlorofl exi or Cyanobacteria 
were the earliest recipients of the genes for photosynthe-
sis from Heliobacteriaceae. The latter might well also be a 
common ancestor for both Chlorofl exi and Cyanobacteria. 
This view differs from that of Mulkidjanian et al. ( 2006 ) and 
Mulkidjanian and Galperin ( 2013 ), who regard photosyn-
thesis to have originated in a hypothetical Procyanobacteria, 
which would have given rise to all other photosynthetic 
bacteria. 

 The scheme of Mulkidjanian and Galperin ( 2013 ) is 
largely in agreement with the one by Olson and Pierson 
( 1987 ) focusing on the evolution of photosynthetic pigments. 
Olson and Pierson fi nd it likely that the fi rst photosynthesis 
pigment was protoporphyrin IX, the precursor of protochlo-
rophyllide. The primitive reaction center would in addition 
have contained FeS as primary electron acceptor. A quinone 
could have been added later and allowed proton transport 
across a membrane. They assume that cytochrome would 
have been added later.  

16.6     Photoheterotrophy in the Ocean: 
Light Harvesting on the Loose 

16.6.1     Energy-Harvesting Systems 
on the Run I: Proteorhodopsin 

 As mentioned above, it has been diffi cult to defi ne how the 
evolution of photosynthesis has taken place among organ-
isms; this is because of the widespread horizontal transfer 
of photosynthesis genes. Two fundamentally different pho-
toconverters are present in today’s organisms. One type 
uses rhodopsin as the light absorbing pigment to mediate 
proton translocation across a membrane. The other type 
uses chlorophylls to convert light energy into redox energy, 
which is stored in electron carriers, the mean theme of this 
chapter. 

 Microbial rhodopsin was fi rst known from halorhodopsin 
in  Halobacterium . A variant of this rhodopsin, known as pro-
teorhodopsin, is found not only among α- (Stingl et al.  2007 ), 
β-, and γ-proteobacteria, such as the classical organohetero-
troph  Vibrio campbellii  (Wang et al.  2012 ), but also among 
Bacteriodetes (Gómez-Consarnau et al.  2007 ,  2011 , González 
et al.  2008 ; Riedel et al.  2010 ), Archaea (Frigaard et al. 
 2006 ), and eukaryotes (Janke et al.  2013 ). Although prote-
orhodopsin is related to halorhodopsin and other “microbial” 
(type I) rhodopsins, it forms a very distinct clade (McCarren 
and DeLong  2007 ; Fig.  16.6 ).  

 We have little doubt that viruses harboring proteorhodop-
sin genes have contributed to their widespread distribution 
(Yutin and Koonin  2012 ). The proteorhodopsin-containing 
organisms are not able to carry out carbon dioxide assimila-
tion, but the light- driven proton translocation across a mem-
brane provides them, via a membrane-bound ATP-synthase, 
with ATP. This kind of light harvesting has been found in 
many taxa, despite the lower absorption cross section of pro-
teorhodopsin as compared to absorption cross sections of 
(bacterio-)chlorophyll-based photosystems (Bryant and 
Frigaard  2006 ). It has been experimentally shown that rho-
dopsins can help bacteria grow in a low organic carbon envi-
ronment to gather carbon compounds from their environment 
and, thus, increase growth (Gómez-Consarnau et al.  2007 ; 
Steindler et al.  2011 ).  
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16.6.2     Energy-Harvesting Systems on the 
Run II: Roseobacter 

 The other “photoconverter on the run” that deserves special 
mention is the chlorophyll-based photoconverter found in aer-
obic anoxygenic type of photosynthesis common within the 
“Roseobacter clade,” which has many genera and is exclu-
sively marine or hypersaline, with isolates which require salt 
and/or are tolerant to it (Wagner and Bibl  2006 ). Like the pro-
teorhodopsin system, it produces ATP, but there is only transi-
tory photoreduction in the system. Holert et al. ( 2011 ) have 
shown that in  Dinoroseobacter shibae , light- driven reactions 
contribute to chemiosmotic energy conservation. The genes 
for this kind of “photosynthesis” are transmitted between bac-
teria by plasmids (Petersen et al.  2012 ,  2013 ; Yutin and Koonin 

 2012 ). Not all members of the  Roseobacter  clade carry out 
light harvesting, but those who do are found in many marine 
habitats, both as free-living bacteria and as symbionts in dino-
fl agellates, and other organisms (Allgaier et al.  2003 ). 

 Kirchman and Hanson ( 2013 ) have compared the energy 
economy of organisms for harvesting energy, those that use 
proteorhodopsin, with those that use a chlorophyll- type pho-
tosystem, as in the  Roseobacter  (Fig.  16.7 ); further, Kirshman 
and Hansen found that the  Roseobacter  system is more effi -
cient, even after they had taken into account the lower main-
tenance cost for the proteorhodopsin system. This is simply 
because  Roseobacter  has a large antennas system per reac-
tion center. A higher ratio of light-harvesting pigments to 
protein gives a better energy-gathering capability with 
respect to the maintenance cost.    
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  Fig. 16.5    Evolution of bacterial reaction centers according to 
Mulkidjanian and Galperin ( 2013 ). Gupta ( 2013 ) arrived at a slightly 
different relationship, with primitive photosynthesis having arisen in 
Heliobacteriaceae and from there spreading fi rst to either 
Cyanobacteria or Chlorofl exi. He regards Chlorobi as descendents of 
Chlorofl exi, despite the differences in the reaction center type they 
have  BChl , bacteriochlorophyll;  Chl , chlorophyll;  ELIP , early light-

stress protein;  FMO , Fenna-Matthews-Olson complex;  IsiA , a photo-
protective protein;  LHC , light-harvesting complex:  HLIP , high 
light-induced protein;  Pcb , prochlorophyte chlorophyll binding pro-
tein;  Psa  and  Psb , reaction center polypeptides;  RC , reaction center; 
(Copyright 2013 © National Academy of Sciences USA; reproduced 
with permission)       
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16.7      Appearance of Oxygenic 
Photosynthesis 

 In contrast to cyanobacteria that have PSII, anoxygenic photo-
synthetic bacteria lack the water-oxidizing (oxygen- evolving) 
complex, even if they possess a photosystem of type II. The 
type II photosystem of these bacteria differs also in some other 
respects from the PSII of plants, algae, and cyanobacteria. The 
oxygenic PSII-type reaction center contains six separated pig-
ment molecules instead of the “special pair”-type chlorophyll 

molecules, arranged as a tightly coupled pair in most anoxy-
genic autotrophs and in PSI. The “special pair” arrangement 
gives a lower-lying fi rst excited state than a single molecule 
would have. As long as not very large quanta are needed for 
the electron transfer, this is an advantage since it allows the use 
of a wider part of the daylight spectrum. For the stepwise oxi-
dation of water, more energy is required than for the electron 
transport processes mediated by most anoxygenic photosys-
tems. Rutherford and Faller ( 2003 ) postulated that this is the 
main reason for the special chlorophyll  characteristics of PSII 

  Fig. 16.6    Phylogenetic relationship among “microbial” (type I) rhodopsins. What is designated above as “marine rhodopsins” is what is usually 
referred to as proteorhodopsins (from McCarren and DeLong  2007 )       
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  Fig. 16.7    The energy harvesting system of Roseobacter and 
related bacteria (from Wagner-Döbler and Bibl  2006 )       
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compared to special pair bacteriochlorophyll arrangement 
found in anoxygenic photosystems. 

 Dismukes et al. ( 2001 ) have speculated on how the 
water-oxidizing system could have evolved via a 
bicarbonate- oxidizing and oxygen-evolving intermediate 
stage. The interesting fi nding of Warburg et al. ( 1965 ) that 
oxygen evolution is stimulated by carbon dioxide may have 
been the fi rst indication of this concept. Clausen et al. 
( 2005a ,  b ) have shown that  free  carbon dioxide is not an 
intermediate in oxygen evolution. Bicarbonate has been 
shown to function on both the electron acceptor and donor 
sides of PS II (see reviews by Van Rensen et al.  1999 ; 
Shevela et al.  2012 ). Further, in the crystal structure of PS 
II, Ferreira et al. ( 2004 ) have modeled one bicarbonate 
anion near the nonheme iron on the acceptor side and 
another one on the electron donor side. However, Umena 
et al. ( 2011 ) do not see any bound bicarbonate on the donor 
side. This does not mean that there is no effect of bicarbon-
ate on the donor side of PSII; it may be involved in proton-
ation reactions during water oxidation, without it being 
bound on that side (see Shevela et al.  2013 ). 

 Johnson et al. ( 2013 ) provide geologic indications that 
manganese may have served as an electron donor for photo-
synthesis before a system for its re-reduction by water 
evolved. By isotopic analysis of drill cores, they established 
that the oxidative branch of the Mn cycle predates rise of 
oxygen. Blankenship and Hartman ( 1998 ) point to hydrogen 
peroxide as a possible reductant before water. 

 There are different opinions about how organisms evolved 
from having one photosystem to two photosystems as in cya-
nobacteria, algae, and plants. One can imagine that from the 
fi rst photosynthetic organism evolution took place along two 
lines, but with a single photosystem in each case. One line led 
to bacteria having photosystems of type I and the other to 
bacteria with type II photosystem. The two kinds of bacteria 
then entered into a symbiosis, which became more and more 
intimate, until the result was an integrated organism, which 
evolved into the fi rst cyanobacterium. (We note, however, that 
this is not enough without the origin of the oxygen evolving 
complex, which by itself remains quite a mystery.) Another 
possibility is that gene transfer took place from one organism 
to another without complete fusion of the two lines of evolu-
tion. There is also a third possibility that was suggested by 
Allen ( 2005 ); we describe it below. 

 Much of the evidence for the views of how the early evolu-
tion of photosynthesis took place is based on comparison 
between extant organisms. But there is also reliable geological 
evidence for it. Morphological features of bacteria preserved 
in fossils do not give much guidance in clarifying the nature of 
the fi rst photosynthetic bacteria, except that the occurrence of 
heterocyst-like structures strengthens the view that both cya-
nobacteria and an oxygen-containing atmosphere are of great 
antiquity (Tomitani et al.  2006 ). There are also chemical and 
physical characteristics of fossils to support this view, even if 

their interpretation is often debated. Perhaps, 2-α-methyl 
hopane is a reliable signature of the presence of cyanobacteria 
(Summons et al.  1999 ); it has been indeed found in 2.7-Ga-old 
rocks (Brocks et al.  2003 ). However, similar compounds have 
also been traced to be related to anaerobic bacteria (Härtner 
et al.  2005 ) and, in particular, those carrying out photosynthe-
sis with Fe 2+  as electron donor (Eickhoff et al.  2013 ). One 
opinion is that the oldest proof for the existence of cyanobac-
teria dates to about 2.15 Ga ago (Hofmann  1976 ; Tomitani 
et al.  2006 ; Rasmussen et al.  2008 ), but oxygen production 
had taken place earlier than that (Crowe et al.  2013 ). Sometimes 
a certain carbon isotope ratio has been seen as a sign that the 
carbon has been assimilated by RuBisCO or to indicate the 
existence of a certain kind of assimilating organism. Farquhar 
et al. ( 2011 ) provide a thorough and critical discussion of vari-
ous proxies for the oxygenation of the oceans and the atmo-
sphere during the Great Oxygenation Event (2.45–2.32 Ga 
ago) and the fi rst oxygenic photosynthesis taking place about 
200 Ma before that. Anbar et al. ( 2007 ) present evidence for “a 
whiff of oxygen” 2.501 ± 0.008 Ga ago. Crowe et al. ( 2013 ) 
argue for at least transient oxygenation already about 3 Ga 
ago. 

 Banded iron formations (BIFs) have been interpreted in 
many different ways (see Krapež et al.  2003 , for further 
information). It is thought that the formation of at least some 
of them has been mediated by photosynthetic bacteria, which 
have oxidized divalent to trivalent iron, instead of oxidizing 
water as cyanobacteria do (Kappler et al.  2005 ). 

 The type of photosynthesis carried out by cyanobacteria 
requires a very complicated machinery with cooperation 
between the two photosystems in series and an enzyme 
which collects four oxidation equivalents for the 4-step oxi-
dation of water. Many researchers believe that the evolution 
of this complex machinery from the fi rst primitive chloro-
phyll-based photoconverter(s) required a vast expanse of 
time. Contrary to this view, Rosing and Frei ( 2004 ) have 
arrived at the conclusion that such photosynthesis took place 
already 3.7 Ga ago. This opinion rests on the observation of 
changing ratios between thorium and uranium in old sedi-
ments. Under reducing conditions both elements are insolu-
ble, and therefore, the ratio between their concentrations 
should not change during sedimentation. But in fact, the ratio 
between the concentrations has changed, and, thus, some 
kind of fractionation must have taken place. This can happen 
in the presence of oxygen, when uranium is oxidized to sol-
uble uranyl complexes. Thorium, on the contrary, remains 
insoluble under such conditions. Thus, a changed ratio is 
taken as evidence for the presence of oxygen 3.7 Ga ago. 
However, objections have been voiced for interpreting geo-
logical features in terms of the involvement of biological 
activity (e.g., Brasier et al.  2005 ; Moorbath  2005 ). 

 Small amount of hydrogen peroxide could have formed 
abiotically in the Archaean age by the action of ultraviolet 
radiation on pyrite, and there have been speculations that 
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oxygenic photosynthesis evolved from a pathway for detoxi-
fi cation of hydrogen peroxide (Borda et al.  2001 ) (see also 
Blankenship and Hartman  1998  and references therein; 
Rutherford and Nitschke  1996 ; Bader  1994 ; Samuilov et al. 
 2001  concerning the possibility of peroxide as an electron 
donor). In our opinion, the structure of the oxygen-evolving 
complex, which has little similarity to other manganese- 
containing hydrogen peroxide utilizing enzymes with known 
structure, does not support such a theory. 

 The structure of the oxygen-evolving complex (Yano et al. 
 2006 ; Umena et al.  2011 ) has similarities to some manganese 
minerals; it is possible that it may have inherited its structure from 
these compounds (Sauer and Yachandra  2002 ). Photochemical 
oxidation of manganese driven by ultraviolet radiation may have 
taken place early in the earth’s history and could have been the 
starting point for the evolution of the oxygen- evolving mecha-
nism in oxygenic photosynthesis (Anbar and Holland  1992 ; 
Allen and Martin  2007 ). Related to this is the fi nding that UV 
inhibits PSII in present-day organisms partly by UV absorption 
by manganese (Hakala et al.  2005 ,  2006 ). 

 According to a hypothesis of Allen ( 2005 ) and elabo-
rated by Allen and Martin ( 2007 ) and Sousa et al. ( 2013a , 
 b ), organisms having two types of photosystems are older 
than oxygenic photosynthesis. Arguments have been made 
that the ancestral photosystem was probably more similar to 
PSI than to PSII (Baymann et al.  2001 ; Mulkidjanian et al. 

 2006 ). After gene duplication of this PSI-like photosystem, 
a PSII- like photosystem evolved within the same organism 
that had no oxygen evolution capability (Fig.  16.8 ). The 
evolution pressure for the change in properties of the new, 
PSII-like, photosystem could have been the changing envi-
ronmental  conditions, in particular changing redox condi-
tions. Because of the variability of the environment, it would 
have been advantageous for the organism to keep genes for 
both photosystems, and a regulatory switch must have 
evolved that made it possible for the organism to transcribe 
the gene that was most appropriate for the changed environ-
ment. One scenario for the acquisition of oxygen-evolving 
capacity is that the PSII-like system evolved toward a state 
where it could connect to a manganese compound that was 
already able to be photooxidized by ultraviolet radiation, 
but could from now on be oxidized through PSII by light of 
longer wavelengths. The mechanism for switching between 
transcription of one or the other photosystem gene then 
became superfl uous and disappeared. The fi rst cyanobacte-
rium had evolved.  

 Evolution of a bacterial type 2 photosystem required, in 
addition to the addition of an oxygen evolving center, also an 
adaptation that would protect the system from the damaging 
effects of oxygen. The two parts of the originally homodi-
meric photosystem became gradually more differentiated. 
The electron transfer chain became concentrated on one of 
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  Fig. 16.8    An early photosynthesizer having two photosystems and a 
switch to select expression of the gene for one or the other ( upper left ) 
could, during evolution, lose one or the other of the genes and turn into 
one of several types of nonoxygenic photosynthetic bacteria (either as 
 Chlorobium  or  Heliobacillus  with a type I photosystem or as 
 Chlorofl exus  or  Rhodopseudomonas  with a type II photosystem). 

Alternatively it could, under appropriate environmental conditions, 
lose the switch and evolve into an organism constitutively equipped 
with two photosystems and then evolve into a cyanobacterium with 
oxygenic photosynthesis (from Allen and Martin  2007 ; reprinted by 
permission from Macmillan Publishers Ltd:  Nature  445, 610–612, 
copyright 2007)       
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the monomers, and mechanisms developed for rapid 
exchange of the easily damaged peptide that supported it. 

 Once the cyanobacteria emerged and started to produce 
oxygen, several hundred million years elapsed before oxy-
gen started to accumulate in the atmosphere. The earliest 
evidence that water was used as the hydrogen source in 
 photosynthesis is found in 2.97-Ga (billion years)-old South 
African rocks (Crowe et al.  2013 ), while the so-called Great 
Oxidation Event (GOE) took place 2.45–3.32 Ga ago 
(Bekker et al.  2004 ; Kump  2008 ; Sessions et al.  2009 ). There 
are several explanations for the lag in oxygenation of the 
atmosphere. One is that that there were many reducing sub-
stances (hydrogen, divalent iron, reduced sulfur, probably 
also methane) that had to be oxidized fi rst (Zahnle et al. 
 2013 ). Holland ( 2009 ) points to a probable change in volca-
nic gases that would have favored oxygen accumulation at 
this time and reproduction of cyanobacteria might also have 
been hampered by ultraviolet radiation, since no protection 
by ozone would have existed before oxygenation of the 
atmosphere. A prerequisite for oxygen accumulation was 
prevention, by burial, of reoxidation of assimilated carbon 
(Karhu and Holland  1996 ; Fennel et al.  2005 ). From time to 
time reoxidation seems to have occurred (Kump et al.  2011 ) 
resulting in fl uctuations in the oxygen content (Canfi eld 
et al.  2013 ; Partin et al.  2013 ). It took an even longer time 
before the deep strata of the ocean became oxidized, and this 
led to chemical problems, which delayed full oxygenation 
(see below). But once the oxygen started to accumulate, it 
poisoned many life- forms. Never before or after has any 
other form of life dominated the planet so completely for 
such a long time as cyanobacteria did—about a billion years. 
This domination is also due to the offspring of cyanobacteria 
that are present as chloroplasts in plants and algae.  

16.8       From Cyanobacteria to Chloroplasts 

   Let us imagine a palm tree, growing peacefully near a spring, 
and a lion hiding in the bush nearby, all of its muscles taut, with 
blood thirsty eyes, prepared to jump upon an antelope and to 
strangle it. The symbiotic theory, and it alone, lays bare the 
deepest mysteries of this scene, unravels and illuminates the fun-
damental principle that could bring forth two such utterly differ-
ent entities as a palm tree and a lion. The palm behaves so 
peacefully, so passively, because it is a symbiosis, because it 
contains a plethora of little workers, green slaves (chromato-
phores) that work for it and nourish it. The lion must nourish 
itself. Let us imagine each cell of the lion fi lled with chromato-
phores, and I have no doubt that it would immediately lie down 
peacefully next to the palm, feeling full, or needing at most some 
water with mineral salts. 

 Constantin Sergeevich Mereschkowsky (1905) in Über 
Natur und Ursprung der Chromatophoren im Pfl anzenreiche. 
Biol. Centralbl. 25, 593–604. Annotated English translation by 
W. Martin and K.V. Kowallik (1999) Eur. J. Phycol. 34, 
287–295 

   The theory that chloroplasts are derived from cyanobacte-
ria, which were long ago taken up by nonphotosynthetic 
organisms, is more than 100 years old. However, the over-
whelming support that this theory is correct has been 
obtained from molecular biology. By comparison of DNA 
sequences, the cyanobacterial ancestry of chloroplasts has 
been established, just as it is now certain that mitochondria 
are descendants of another bacterial clade. 

 Among chloroplasts, there are, in addition to a couple of 
smaller branches, two main developmental lines. According 
to Rogers et al. ( 2007 ) we have the “green line” (in green 
algae and plants) and the “red line” (in red algae and most 
other algae). Even if some researchers still remain open to the 
idea that these two lines started with two separate endosym-
biotic events, the following view prevails: All chloroplasts 
are derived from one cyanobacterium that was incorporated 
in one eukaryotic cell. It is a little surprising that it is so, 
since we have so many other examples of very intimate sym-
biotic relationships between a number of algae and a number 
of other organisms. For example, a new type of chloroplast 
that is the result of a more recent endosymbiotic event has 
been observed: Marin et al. ( 2005 ) have found an amoeba 
containing a plastid with a different cyanobacterial origin; 
see also Rogers et al. ( 2007 ). However, this does not detract 
from the fact that chloroplasts of all major groups had been 
derived from a single endosymbiotic event. The chloroplasts 
of green algae, glaucophytes, land plants, and red algae are 
directly derived in such a way, while other chloroplasts in 
the red line are derived by secondary endosymbiosis, in 
which certain organisms engulfed red algae. Chloroplasts of 
some groups, especially some dinofl agellates, have an even 
more complicated  evolutionary history (see, e.g., Stoebe and 
Maier  2002 ; Bhattcharaya et al.  2003 ). 

 Many cyanobacteria have phycoerythrin (red) and phy-
cocyanin (blue), and a small amount of another protein, 
allophycocyanin (also blue) as light-collecting pigments. 
They are assembled into complexes known as phycobili-
somes, which are located on the external side of the thyla-
koid membranes which house the two photosystems (PSI 
and PSII). The most primitive cyanobacteria do not have 
any thylakoids, but carry out photosynthesis by their outer 
cell membrane, but they do have phycobilisomes (Gutiérrez-
Cirlos et al.  2006 ). Red algae have the same pigment 
arrangement. One type of cyanobacterium, referred to as 
prochlorophytes (after  Prochloron , the genus fi rst discov-
ered), does not use phycocyanin and phycoerythrin as its 
main light-harvesting system–sometimes not at all, but 
instead chlorophyll  a  and chlorophyll  b , as green algae and 
plants do. 

 It was once thought that the green and the red evolution-
ary lines each arose from two different types of cyanobacte-
ria. Later, a cyanobacterium ( Prochlorococcus marinus ) was  
discovered which utilizes chlorophyll  a  and  chlorophyll  b , 
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and phycobilins for light harvesting (Hess et al.  1996 ). Most 
researchers, therefore, now believe that the fi rst chloroplast 
was derived from a cyanobacterium having both phycobili-
somes and chlorophyll  b . In each of the developmental 
lines, one of the pigment sets would have been lost later. 
The common origin of the chloroplasts in both lines is 
strengthened by the fact that the protein import machinery 
is very similar. These import systems must have evolved 
during early stages of interfacing the incorporated cyano-
bacteria with its host, Also genes transferred from the cya-
nobacteria to the nucleus of their host on the “red line” and 
“green line” are in general so similar that it is diffi cult to 
argue that they are the  consequence of endosymbiosis in 
very different organisms. 

 Fossils of red algae have been found which date back to 
1.2 Ga (Butterfi eld  2000 ; Fig.  16.9 ). These are the oldest 
organisms for which one has been able to infer sexuality. 
Other algae on the red line, for instance, cryptophytes, dia-
toms, brown algae, and yellow-green algae, have evolved 
by uptake of red algae into a nonphotosynthetic organism 
(or possibly already photosynthetic organism that had lost 
its original photosystems), and also this may have taken 
place only once. One reason to believe that these different 
algal chloroplasts have resulted from a single secondary 
endosymbiotic event is the surprising fact that they all 
have the same type of phosphoribulokinase (an enzyme of 
the Calvin–Benson–cycle) as organisms on the green line 
of chloroplast evolution, a type very different from the 
type present in red algae (Petersen et al.  2006 ). The most 
probable interpretation of this is that soon after the sec-
ondary endosymbiotic event, a lateral gene transfer from 
the green line took place, and the phosphoribulokinase 
from the red alga was lost. In a later publication, some of 

the same authors present evidence that cryptophytes, hap-
tophytes, and stramenopiles have acquired their chloro-
plasts through separate secondary symbiotic events 
(Baurain et al.  2010 ).  

 Plastocyanin, a copper protein that is an electron car-
rier in the chloroplast, is missing in chloroplasts of the 
entire red line of evolution (and also in some cyanobacte-
ria); here, electrons from cytochrome b6/f complex are, 
instead, carried to PSI by a small soluble cytochrome, 
cytochrome c6 (Raven et al.  1999 ). The use of plastocya-
nin as an electron carrier was probably established after 
the emergence of oxygenic photosynthesis, as copper may 
have been tied up in insoluble sulfi de during a period of 
Earth’s history (see below). On the other hand, iron is less 
accessible now than it was before the oxygenation of the 
atmosphere.  

16.9     Evolution of Photosynthetic Pigments 
and Chloroplast Structure 

 Forms of chlorophyll typical for extant photosynthetic bacte-
ria, which do not evolve oxygen, are collectively referred to 
as bacteriochlorophyll. Chlorophyll  a  is a biochemical pre-
cursor to these chlorophyll forms (Chew and Bryant  2007 ; 
Masuda and Fujita  2008 ). For this reason, Granick ( 1957 ) 
postulated that bacteria, with bacteriochlorophyll as photo-
synthetic pigment, have evolved from those which had chlo-
rophyll  a . But those present-day bacteria which have 
bacteriochlorophyll (and only one photosystem) seem to be 
more primitive and carry out a simpler kind of photosynthe-
sis than cyanobacteria, which are the only extant bacteria 
with chlorophyll  a . The solution to this apparent paradox 

  Fig. 16.9    1,200-Ma-old fossils of the red alga Bangiomorpha pubescens (from Butterfi eld  2000 )       
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could be that there had existed now extinct nonoxygenic 
organisms having only one photosystem, with chlorophyll  a . 

 The reasons that chlorophyll is a suitable pigment for 
photosynthesis are discussed in Chap.   9    , Sect.   9.2     and by 
Kiang et al. ( 2007 ) from a spectral perspective, and by 
Mauzerall ( 1976 ) from a chemical perspective, while Björn 
et al. ( 2009a ) have traced the possible reasons for the unique-
ness of Chl  a  for its use in the primary photochemistry. This 
is due to its physicochemical properties as affected by its 
protein environment; Chl  a  in vivo is capable of generating a 
radical cation or a radical anion or remaining completely 
redox silent, all depending on the protein environment. Many 
authors, e.g., Björn et al. ( 2009b ) have speculated about what 
kind of photosynthesis might take place on other planets. 

 When cyanobacteria had turned into chloroplasts, further 
evolution along the “green” line (green algae and plants) 
began to differ from that along the “red” line (red algae, dia-
toms, and brown algae). We know that cyanobacteria were, 
and are, equipped with very sophisticated light- collecting 
antennas in the form of phycobilisomes. These can be 
regarded as a kind of energy transformer, which collects all 
kinds of light and adapts the excitation energy so the quanta 
correspond to the energy levels of chlorophyll. The red algae 
inherited these structures rather unchanged. Cryptophytes 
have the same kinds of red and blue pigments arranged in 
a slightly different way. But why have these exquisite light 
transformers disappeared from the rest of the “red” line and 
never appeared on the line leading to land plants? 

 We probably have a good explanation for this now. We 
shall recount here in essence an explanation given by 
Anderson ( 1999 ) that relies on different light environments 
to which the organisms have adapted. In order to streamline 
our discussion, we shall limit ourselves to a comparison 
between red algae and land plants. Red algae live in water, 
often deeper than other algae. The light reaching them has 
been fi ltered through water, which absorbs long-wavelength 
light more strongly than other visible (and photosyntheti-
cally active) light. Therefore, a defi ciency in photons 
absorbed by PSI relative to PSII could easily develop. To 
avoid this, it is suggested that some excitation energy is 
transferred from PSII to PSI. Red algae collect energy mainly 
via their phycobilisomes, and this energy can be used both 
by PS II and by PS I. 

 For land plants, the situation is different. The fi rst land 
plants were small beach organisms living without competition 
from larger plants, exposed to full sunlight; their forerunners, 
the green algae, lived in very exposed habitats. Therefore, the 
challenge for the fi rst land plants was not lack of light energy, 
and thus, they did not have much use for phycobilisomes. With 
time, plants developed a complex light-harvesting system, and 
the chloroplast became more and more shaded by other chlo-
roplasts. The light hitting the chloroplast became, during the 
evolution of plants and ecosystems, more and more depleted 
in shortwave light, while the long-wave light (the long-wave 

edge of the chlorophyll absorption spectrum) was not attenu-
ated to the same extent. The spectral situation was opposite to 
that for chloroplasts found in red algae. Now the imbalance 
between the photosystems could not be adjusted by energy 
transfer from PSII to PSI, since PSII had enough energy for its 
own needs only. Rather PSI and PSII had to be separated to 
prevent excess energy transfer from PSII to PSI; otherwise, 
PSII would be even more depleted of energy. Evolution has 
succeeded in this by the development of grana in the chloro-
plasts of land plants (see Figs.  16.1  and  16.2 ). 

 Grana are regions in the chloroplasts where thylakoid 
membranes are closely stacked on top of one another and are 
enriched in PSII. The stacking of membranes and the absence 
of PSI gives room for larger pigment antennas, not in the form 
of phycobilisomes, but in the form of chlorophyll  a  and chlo-
rophyll  b -containing light-harvesting complexes located 
within the thylakoid membrane. PSI is located in the less 
stacked membrane regions. This is advantageous because PSI 
delivers reducing equivalents via ferredoxin to NADP, which 
is then used for the reduction of carbon dioxide in the stroma. 

 The structure of chloroplasts, and in particular the prox-
imity of membranes to one other, is not static, but it con-
stantly adjusts to the available light. During evolution more 
and more sophisticated regulation systems have appeared, 
as have various mechanisms for protection against excess 
light (Demmig-Adams et al.  2006 ). One of the most impor-
tant of these mechanisms is the so- called xanthophyll cycle, 
giving protection against strong light while allowing effi -
cient use of weak light. Remarkably, it exists in essentially 
the same form while exploiting different kinds of xantho-
phylls, both in the “red” and the “green” line of evolution. It 
is left for future researchers to fi nd out whether this is an 
example of convergent evolution or due to common descent. 
The reader is referred to Demmig-Adams, Adams, and 
Mattoo (Eds) (2006) and Demmig-Adams, Garab, Adams, 
and Govindjee (Eds) ( 2014 ) for details about the topic of 
photoprotection. 

 Yoshi ( 2006 ) has traced the evolution of carotenoids on 
the “green line.” The most primitive living algae on this line 
have carotenoids that absorb maximally in the violet part of 
the spectrum, while more modern types have carotenoids 
with absorption peaks at longer wavelengths. Y. Yoshi specu-
lates that this may refl ect the high ultraviolet radiation condi-
tions under which the algae have evolved. Those ancient 
algae living before a protecting ozone layer had developed 
(and preserved as “living fossils” today) would have had to 
live at a depth where they were protected from ultraviolet 
radiation. The spectrum of light is fi ltered by water to 
enhance the shortwave part of photosynthetically active radi-
ation. More modern algae would have evolved near the water 
surface, in a light regime that is enriched with longer wave-
length photons. A diffi culty with Yoshi’s interpretation is 
that an ozone layer most likely evolved long before the 
appearance of eukaryotic algae.  
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16.10     Many Systems for the Assimilation 
of Carbon Dioxide Have Been Tried 
in the Course of Evolution 

 Assimilation of carbon dioxide is not necessarily coupled to 
photosynthesis. The ability to take up carbon dioxide and 
assimilate carbon into organic substance is older than the 
ability to photosynthesize. It takes place in both Archaea and 
Bacteria. This ability has evolved either before the two 
domains had separated or one of these groups of organisms 
has acquired it from the other group by horizontal (lateral) 
gene transfer. Since many enzymes are involved, the former 
possibility is the most likely one. 

 Apart from the fi rst two enzymes, enzymes listed in 
Table  16.1  and their assimilation pathways (Fig.  16.10 ) are 
present only in Bacteria and Archaea. But the typical carbon- 
binding enzyme of plants, algae and cyanobacteria, RuBisCO, 
occurs also in some Archaea, even though the complete 
Calvin–Benson cycle has not been demonstrated in them.

    The fi rst alternative to the Calvin–Benson cycle detected 
was a cycle discovered by Evans et al. ( 1966 ) (see also 
Buchanan and Arnon  1990 ). The acetyl-CoA pathway is 
present in some acetate-forming bacteria, some sulfate- 
reducing bacteria, and some hydrogen-oxidizing Archaea. 

 The 3-hydroxypropionate pathway is present in green 
nonsulfur bacteria, some hydrogen-oxidizing bacteria, and 
some sulfur-reducing Archaea. Thus, every type of carbon 
dioxide assimilation occurs in taxonomically quite different 
types of microorganisms. Selesi et al. ( 2005 ) have detected a 
large set of RuBisCO types in soil microorganisms, of which 
only a minor part is derived from photosynthetic organisms. 

 It is clear that RuBisCO is a very ancient enzyme, which 
was “designed” under conditions quite different from the pres-
ent ones. The most important differences are that oxygen was 
absent from the primordial environment and the concentration 
of carbon dioxide was much higher than in the contemporary 
environment. Therefore, the properties of RuBisCO are not 
optimal for the present environment. It binds carbon dioxide 
only weakly (i.e., it has a low affi nity and a high Michaelis 
constant for carbon dioxide). This was not a problem as long as 
the concentration of carbon dioxide was very high. RuBisCO 
reacts also with oxygen, in addition to carbon dioxide, and 
when this happens, a product, phosphoglycolic acid, is formed. 
There are indications that the ability to metabolize phosphogly-
colic acid evolved very early, even before oxygen had accumu-
lated outside the cyanobacterial cell (Eisenhut et al.  2008 ). 

 To compensate for the poor properties of RuBisCO, dif-
ferent photosynthesizers have evolved different strategies. A 
common one is to produce large amounts of the enzyme to 
compensate for its slowness, and this has made it the most 
ubiquitous protein molecule on earth. Various systems for 
concentrating carbon dioxide in proximity to the RuBisCO 
have also evolved, so carbon dioxide can compete effi ciently 
with oxygen for the common binding site. There is also the 

view that photorespiration is essential for plants that have 
evolved it. Carbon concentrating mechanisms of cyanobac-
teria and algae have been described by Badger and Price 
( 2003 ); Giordano et al. ( 2005 ); and Keeley and Rundel 
( 2003 ). Here we shall limit ourselves to alternative pathways 
that rely on a spatial and temporal separation of light energy 
conversion and carbon fi xation that provide advantages, the 
so-called C4 metabolism and CAM.  

16.11     C4 Metabolism 

 About half of this planet’s photosynthetic production takes 
place on land and the other half in water (Geider et al.  2001 ; 
Falkowski and Raven  2007 ) According to Sage ( 2004 ) the 
mere 3 % of the terrestrial plants having C4 metabolism 
carry out about half of CO 2  fi xation on land. C4 metabolism 
is present in about 7,500 species of seed plants (3 % of the 
species of terrestrial plants), of which 4,500 are grasses, 
1,500 sedges, and 1,200 dicots (Sage 2005). C4 plants occur 
primarily in warm and dry countries and among epiphytes. It 
is well-known that C4 metabolism has evolved many times 
in different locations. 

 C4 plants have evolved at least 45 times in 19 families of 
higher plants (Sage  2004 ). From this we understand that 
there has been a very strong evolution pressure toward 
this kind of metabolism. An important component in this 
evolution pressure has been the decrease in carbon dioxide 
pressure that took place between 30 and 40 Ma ago (Retallack 
 2002 ). Another component has been the drying of the envi-
ronment that was an even more recent event (Osborne and 
Beerling  2006 ; Strömberg and McInerney  2011 ). C4 metab-
olism (Fig.  16.11 ) became a signifi cant component of the 
carbon cycle as recently as 10 Ma ago.  

 In C4 metabolism carbon dioxide is not initially bound 
to RuBisCO, as is the case in C3 plants. Instead bicarbonate 
ions (formed from carbon dioxide and water with the aid of 

    Table 16.1    Pathways and Enzymes for CO 2  Assimilation   

 CO 2 -binding enzyme  Pathway for CO 2  assimilation 

 Ribulose-1,5-bisphosphate-
carboxylase-oxygenase 
(RuBisCO, rubisco) 

 Calvin–Benson cycle 

 Phosphoenol pyruvate carboxylase 
(PEPC) 

 C4 and CAM cycles 

 Formate dehydrogenase  Acetyl-CoA pathway 
 Carbon monoxide dehydrogenase  Acetyl-CoA pathway 
 Pyruvate:ferredoxin 
oxidoreductase 

 Arnon–Buchanan cycle 
(reductive TCA cycle) 

 2-Oxoglutarate: ferredoxin 
oxidoreductase 

 Arnon–Buchanan cycle 

 Isocitrate dehydrogenase  Arnon–Buchanan cycle 
 Pyruvate carboxylase  Arnon–Buchanan cycle 
 Acetyl-CoA carboxylase  3-Hydroxypropionate cycle 
 Propionyl-CoA carboxylase  3-Hydroxypropionate cycle 
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the enzyme carbonic anhydrase) is bound by the enzyme 
phosphoenolpyruvate carboxylase (PEPC; see Table  16.1  
and Fig.  16.11 ) and when it combines with phosphoenol-
pyruvate (PEP) malate is formed. Malate has four carbon 

atoms, hence the designation C4 metabolism. In C3 metab-
olism, the fi rst stable product is 3-phosphoglyceric acid, 
which has three carbon atoms. C4 metabolism is more effi -
cient at a low concentrations of carbon dioxide, because 
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PEPC binds bicarbonate very tightly and lowers the relative 
binding of oxygen. 

 C4 carbon fi xation is also more effi cient under dry condi-
tions since plants can conserve water by keeping their sto-
mata only slightly open. This causes a lowering of the inner 
carbon dioxide concentration in the plants, but this can be 
compensated by the increased CO 2  utilization effi ciency of 
C4 metabolism. C4 metabolism is also more effi cient than 
C3 metabolism at high temperatures. In C3 plants, photores-
piration, due to competition by oxygen for RuBisCO makes 
carbon dioxide uptake ineffi cient at high temperatures. 
Under other conditions, like low light, C4 metabolism is less 
effi cient than C3 metabolism, because it uses up more ATP 
(5 molecules per molecule of CO 2  assimilated, compared to 
3 for C3 plants). 

 One fascinating fact about C4 metabolism is that it has 
evolved within a relatively short time and independently 
within many groups of plants. C4 metabolism occurs primar-
ily among seed plants, but has been found also elsewhere, 
even among diatoms (Reinfelder et al.  2000 ,  2004 ). 

 Since oxygen concentration during the Carboniferous 
(370–300 Ma ago) was even higher and the carbon dioxide 
concentration even lower than today (Fig.   12.9    ), one would 
have expected the C4 metabolism to have evolved by then. 
But all the plant fossils from that time for which the isotopic 
composition of the carbon has been investigated have a 
C3-like signature, ∂ 13 C ≈ –20 % (Beerling et al.  2002 ; 
Bocherens et al.  1993 ). 

 One enigmatic circumstance is that CAM plants which 
also use PEPC (phosphoenol pyruvate carboxylase, dis-
cussed below) were present earlier. So why do we have only 
C3-type isotope discrimination from that time? Perhaps 
CAM plants did not contribute much to biomass production. 
The corresponding ∂ 13 C value for C4 plants is about −13 % 
(e.g., Hattersley  1982 ). There is some suspicion that some 
C4 plants could have evolved during the Carboniferous, but 

remained low in number (Osborne and Beerling  2006 ). A 
possible reason that more C4 plants did not evolve during 
this period is that the temperature was low. 

 We refer to Andrew Benson (pp. 793–813) and James 
A. Bassham (pp. 815–832) for the stories behind the discov-
ery of the Calvin–Benson pathway and to M. D. Hatch 
(pp. 875–880) for C4 metabolism (Govindjee et al.  2005 ). 
For further details on C4 photosynthesis, see Raghavendra 
and Sage ( 2011 ).  

16.12     Crassulacean Acid Metabolism 

 Another way of using PEPC to complement the assimilation 
by RuBisCO is shown by plants possessing crassulacean 
acid metabolism (CAM). As the name implies, this kind of 
metabolism was fi rst found in the family Crassulaceae. CAM 
plants have the ability to take up carbon dioxide during the 
night when the stomata are open and binding it to PEP with 
the help of PEPC. The carbon fi xation by the Calvin–Benson 
cycle is carried out during the day, when the stomata are 
closed. By keeping stomata open only during the night, 
CAM plants conserve water. 

 CAM is more ancient than C4 metabolism, and it has been 
driven by water stress (Keeley and Rundel  2003 ). It is known 
only to exist in vascular plants, and it is present in species 
of clubmosses, ferns, the unusual gymnosperm  Welwitschia 
mirabilis , the cycad  Dioon edule , some monocots, and some 
dicots. Among the dicots, the following families, among others 
have CAM: Aizoaceae, Cactaceae, Portulaceae, Crassulaceae, 
Euphorbiaceae, Asclepiadaceae, and Asteraceae. Among 
the monocots, we have Bromeliaceae and Orchidaceae. Like 
C4 metabolism, CAM has evolved several times within vari-
ous plant groups as an adaptation to water defi ciency, mainly 
among desert plants and plants living on stones or as epiphytes 
on other plants (see Keeley and Rundel  2003 ). However, there 
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are also aquatic CAM plants, but the reason for this is not clear. 
Among aquatic plants, the large and primitive genus  Isoëtes  
deserves special mention. All of its members seem to be CAM 
plants (although only about one third of the approximate 
125 species have been investigated). Since this genus existed 
already during the early Triassic, more than 200 Ma ago, it 
must be assumed that CAM existed then (Keeley and Rundel 
 2003 ). Dekker and de Wit ( 2006 ) have provided further evi-
dence for the early evolution of CAM. See Black and Osmond 
(pp. 881–893) in Govindjee et al. ( 2005 ) for the description of 
the discovery of CAM.  

16.13     Evolution of ATP-Synthesizing 
Enzymes 

 The use of proton gradients for the synthesis of ATP occurs in 
all three domains of life—Archaea, Bacteria, and Eukarya—
and the last common ancestor of all organisms is likely to 
have made use of this. The ancestry of the ATP- synthesizing 
enzyme of chloroplasts, F-ATPase, has been described by 
Zhaxybayeva et al. ( 2005 ). This enzyme consists of several 
subunits that are conserved across Bacteria and Archaea.  

16.14     The Journey onto Land 

 Photosynthetic organisms are thought to have been present 
on land as early as 1.2 Ga ago, based on carbon isotope ratios 
(see Horodyski and Knauth  1994 ). These organisms were 
probably cyanobacteria forming crusts as can still be found 
in deserts. The oldest lichen-like fossils containing what has 
been interpreted as cyanobacteria are about 600 Ma old 
(Yuan et al.  2005 ). Stronger evidence, both morphological 
(Taylor et al.  2004 ) and chemical (Jahren  2003 ) for lichens, 
is found from the early Devonian, approximately 400 Ma 
ago. However, based on the “molecular clock,” Heckman 
et al. ( 2001 ) estimated that terrestrial fungi existed prior to 
900 Ma ago, and these fi rst terrestrial fungi might well have 
been living in lichen- like associations. While land plants 
now account for about half of the planet’s photosynthesis, 
the contribution of these early pioneers was perhaps almost 
negligible compared to that of the ocean. 

 A great increase in the amount of photosynthetic produc-
tion came with the evolution of the embryophytes. Their 
closest relatives are the Charales (stoneworts), a type of 
green algae (Karol et al.  2001 ). Spores that are suspected to 
stem from liverwort-like plants have been found that are 
from the mid-Ordovician, 475 Ma ago (Wellman et al.  2003 ), 
but bryophyte fossils that can be identifi ed with more cer-
tainty are younger, from late Silurian, 425 Ma ago. 
“Molecular clock” evidence points to a much earlier separa-
tion of the terrestrial-plant line from the algal line of evolu-

tion (Heckman et al.  2001 ). In the early Devonian 
(approximately 410 Ma ago) plants (e.g.,  Eophyllophyton 
bellum ) had evolved that had leaves and roots (Hao et al. 
 2003 ). Their leaves seem to have been adapted to a dry cli-
mate and high carbon dioxide concentration. In the late 
Devonian (370 Ma ago), as the atmospheric concentration of 
carbon dioxide fell (Fig.  16.13 ), larger leaves, megaphylls, 
evolved, which were more effi cient in collecting both carbon 
dioxide and light, as well as in transpiration of water vapor 
(Beerling et al.  2001  Mercer-Smith and Mauzerall  1981 ).  

 In the terrestrial environment, the weight of the plant 
body cannot be supported by buoyancy as in the water. To be 
able to stretch toward the light among competitors, plants 
had to improve their rigidity. An important means for this 
was to strengthen the cell walls with lignin. Such strengthen-
ing was also required for the water conduits to withstand the 
pressure difference. Lignin synthesis requires molecular 
oxygen and could thus not commence until the oxygen con-
centration had risen to a suffi cient level. Lignin synthesis 
builds on the phenylpropanoid pathway, which can be traced 
back to the characeans: Flavonoids have been found in 
 Nitella  (Markham and Porter  1969 ). The “molecular clock” 
indicates that the line leading to terrestrial plants diverged 
from the charophytes about 1 Ga ago (Heckman et al.  2001 ), 
so this pathway can be assumed to have at least this age. 

 Throughout their evolution land plants maintained a close 
association with fungi. A majority of extant plants have 
mycorrhiza, and many have endophytic fungi also in the 
shoots and, of course, fungi on the leaf surfaces. The combi-
nation of rooted plants and mycorrhizal fungi increased the 
weathering of the continental rocks enormously. This, in 
turn, meant a positive feedback on photosynthesis by provid-
ing more nutrients, also for marine organisms. 

 Aquatic organisms do not require protection from desic-
cating evaporation, but when plants colonized land, protec-
tion mechanisms were necessary for them to conserve water. 
Therefore, land plants developed cuticle and cutinized exter-
nal cell walls and sometimes wax coatings. All this is an 
obstacle to gas exchange, and so sophisticated gas valves 
evolved which we refer to as stomata. Stomata are adjustable 
openings, which are regulated to allow an optimal balance 
between the loss of water and access to carbon dioxide. 
Water and carbon dioxide conditions are sensed directly in 
the leaf for short-term regulation, but water availability is 
sensed also in the roots and hormonal signals (in the form of 
abscisic acid) sent to the stomata for long-term regulation. In 
addition, several light-sensing systems affect the stomatal 
aperture. In addition to regulation of the individual stomata, 
there is also a developmental regulation to achieve an opti-
mal number and size distribution of stomata. The higher the 
atmospheric concentration of carbon dioxide, the more 
sparsely stomata develop on the leaf surface. Studying the 
stomata density on fossil leaves provides a method for 
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 estimating past carbon dioxide concentrations (McElwain 
 1998 ; McElwain et al.  1995 ,  2002 ; Haworth et al.  2005 ). 

 After having adapted to the terrestrial environment, some 
plants returned to water and had to cope with new challenges 
(Rascio  2002 ). It was not simply a reversal of the adaptation 
to dry land; some researchers believe that our modern charo-
phytes have also made a transient visit to terra fi rma. On the 
land, plants had become larger and needed to develop aeren-
chyma (air-conducting tissue) to provide all living cells with 
suffi cient oxygen. If roots or rhizomes were to be maintained 
in anoxic muddy ground, diffusive oxygen transport may not 
be suffi cient. Also the provision with carbon dioxide could 
be a problem, and this explains the evolution of various 
mechanisms for its concentration, including a kind of C4 
metabolism.  

16.15     Impact of Photosynthesis 
on the Biospheric Environment 

 When we think about how photosynthesis has affected our 
environment, we may fi rst remember that it has produced the 
oxygen we breathe and (directly or indirectly) the food we 
eat. But the impact of photosynthesis is much wider. The 
oxygen produced by photosynthesis has also given rise to the 
ozone layer, which protects the biosphere from the UV-B 
radiation from the sun (Chap.   22    ). Fossil fuel, on which we 
have now become dependent, has been produced by photo-
synthesis in times past. The sequestration of carbon from the 
atmosphere has given us a human-friendly climate, which, 
unfortunately, we are now destroying. But perhaps photosyn-
thesis, as an environmental-friendly way of energy transfor-
mation, can help us to draw up a blueprint for a solution to 
the confl ict between our hunger for energy and the necessity 
to maintain an environment that can sustain humanity. 

 However, we must be aware that photosynthesis has not 
always resulted in a good environment for the inhabitants of 
our planet. Free oxygen is still a hazard for our own cells and 
even for the chloroplasts that produce it. 

 Photosynthesis has not always had a friendly, Gaia-like 
(Lovelock  1979 ) infl uence on inhabitants of the earth. When 
oxygen fi rst started to accumulate, it almost certainly killed 
off a large part of the earth’s population by direct poisoning. 
It was even a hurdle to the producers themselves. Many of 
the cyanobacteria (as many other bacteria as well as Archaea) 
carry out nitrogen fi xation using nitrogenase. Nitrogenase is 
extremely sensitive to oxygen and easily inhibited by it, and 
organisms had to invent various methods for protecting 
nitrogen-fi xing enzymes from oxygen. Some of the fi lamen-
tous cyanobacterial forms developed special cells (hetero-
cysts) and compartmentalized photosystems to fi x nitrogen. 
Heterocysts contain only PSI and do not fi x carbon dioxide 
or contain oxygen-producing PSII and therefore provide an 

oxygen-free environment. From morphological fossils it has 
been deduced that this arrangement is 1.5 Ga old. No ancient 
and convincing fossil of heterocysts themselves has been 
found, so the existence of ancient heterocysts (Golubic and 
Seong-Joo  1999 ) rests on the presence of akinetes, a kind of 
resting cell. In modern cyanobacteria there is a strict correla-
tion between the occurrence of heterocysts and akinetes. 

 Before cyanobacteria evolved, the oxygen content of the 
atmosphere was less than 10 –5  times the present value 
(Fig.  16.12 ). The initial effects of photosynthetic oxygen pro-
duction on climate were disastrous. Before the oxygenation of 
the atmosphere, the earth was kept comfortably warm (too 
warm for the humans) not only by a high atmospheric content 
of carbon dioxide but also by another greenhouse gas, meth-
ane. When oxygen arrived, methane was fi rst oxidized to car-
bon dioxide by an emerging new group of microorganisms. 
Then the concentration of carbon dioxide was drastically low-
ered by cyanobacterial assimilation. This led to a sharp tem-
perature decrease and a glaciation, which lasted for about 
100 Ma, between 2.3 and 2.2 Ga ago (Liang et al.  2006 ). Since 
traces from this time of glaciation (the Makganyene glacia-
tion) are found near the ancient equator, some scientists 
believe that the whole globe became covered with ice and 
snow during at least part of this time. During this “Snowball 
Earth” (Kirschvink et al.  2000 ) an ice cover prevented silicate 
weathering, a process that consumes carbon dioxide; see Kopp 
et al. ( 2005 ). Gradually volcanism increased the carbon diox-
ide content and this eventually put an end to the long ice age. 
In the meantime the hydrothermal vents at the bottom of the 
sea had spewed out nutrients at a rate, which could not be 
matched by its consumption by organisms under the ice sur-
face. Therefore, many nutrients were abundant at the end of 
the glaciation, but probably not all. See also Sekin et al. ( 2011 ) 
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for the relation between glaciation/deglaciation and oxygen 
production Hannah et al. ( 2004 ) and Canfi eld et al.  (2013 ).  

 Contributing to the severity of this glaciation may have 
been that the sun emitted less energy than it does today (e.g., 
Gough  1981 ; Fig.  16.14 ), but not all scientists believe in this 
“faint young sun” theory. Neither is the “snowball” scenario 
unquestionable. An alternative explanation for glaciation in 
the equatorial region is that the “tilt” (the inclination) of the 
earth’s axis was greater in the past (Williams et al.  1998 ; but 
see Levrard and Laskar  2003 ). 

 One way of constraining the timing of oxygenation of the 
atmosphere comes from studies of the isotopic sulfur com-
position of pyrite. Most chemical and physical processes 
lead to a fractionation of isotopes of elements, which depends 
on atomic weight. Photochemical processes can lead to devi-
ations from this, i.e., to mass-independent fractionation. As 
long as the atmosphere remains reducing, hydrogen sulfi de 
emitted from volcanoes remains in the atmosphere long 
enough for photochemical processes to imprint their special 
signature on the pyrite that is eventually formed. In pyrites 
which, by use of osmium isotope ratios, could be accurately 
dated to 2,316 ± 7 Ma ago, the sulfur isotope ratio indicates 
an oxidizing atmosphere; thus, this is taken as a minimum 
age for the oxic atmosphere (Hannah et al.  2004 ; Bekker and 
Holland  2012 ). The oxygen concentration at that time was, 
of course, much lower than today. 

 Campbell and Allen ( 2008 ) have pointed out that the oxy-
gen content of the atmosphere has risen in steps, and every 
step has been associated with the formation of  supercontinents. 
The explanation for this is that in connection with the colli-
sion between the continents, new mountains emerged and 
erosion increased and consequently also the input of nutri-
ents to the sea (Lenton  2001 ). This increased not only photo-
synthesis and the production of molecular oxygen but also 
the burial under sediments of oxidizable material (organic 
carbon and pyrite), so that the newly formed oxygen was not 
consumed again (Fennel et al.  2005 ). It has been suggested 
that the last large increase of atmospheric oxygen, from 10 % 
of the present to above the present level during the 
Carboniferous and Permian, around 300 Ma ago (Figs.  16.13  
and  16.14 ), is due to the emergence and spread of land plants 
and burial of the produced organic material in swamps.   

 The protein complexes involved in the electron transport 
chain in the thylakoids contain a variety of metals. In addi-
tion to the magnesium atoms of chlorophyll, there are 12 Fe 
in PSI, six Fe in the cytochrome b6/f complex, and two Fe, 
four Mn, and one Ca in PSII. The electron transfer chain 
contains additional soluble metal-containing proteins: iron 
containing ferredoxin and either copper containing plasto-
cyanin or iron containing cytochrome c 6 . These metals can 
sometimes be diffi cult to obtain, depending on, for instance, 
the redox potential of the environment and the presence of 
hydrogen sulfi de. PSI contains more iron than the other 

complexes, and Strzepek and Harrison ( 2004 ) have noted 
that diatoms adapted to coastal regions, where iron is more 
available, have a lower PSII/PSI ratio (around 3) compared 
to diatoms adapted to oceanic regions (around 9), where 
available iron is often a limiting factor for growth. 
Presumably the PSI of oceanic diatoms have larger light-
collecting pigment antennas to compensate for the lower 
number of reaction centers. Furthermore, the coastal diatom 
 Thalassiosira weissfl ogii  uses cytochrome c 6  (Inda et al. 
 1999 ; Strzepek and Harrison  2004 ), another iron-containing 
protein, while the marine diatom  Thalassiosira oceanica  
uses plastocyanin for electron transfer to PSI (Peers and 
Price  2006 ). Many cyanobacteria and eukaryotic algae still 
retain their capacity to synthesize both plastocyanin and 
cytochrome c 6  to adapt their metabolism to changing aque-
ous environments (Hervás et al.  2003 ). For historical 
accounts on the structure and function of PSI, see Fromme 
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and Mathis (pp. 311–326) and Witt (pp. 237–259) in 
Govindjee et al. ( 2005 ). 

 During a period after the emergence of cyanobacteria and 
oxygen-evolving photosynthesis, hydrogen sulfi de was 
available only in the depths of the oceans (Canfi eld  1998 ). 
One can imagine that the cyanobacteria present at that time 
adapted their photosynthetic machinery to economize with 
iron, because much of this metal was tied up as sulfi de. The 
closest present-day analog to this ancient ocean is the Black 
Sea. According to Anbar and Knoll ( 2002 ), sulfi dic condi-
tions in the deep sea prevailed most of the time between 
2,500 and 543 Ma ago, although the ocean surface where 
photosynthesis could take place was oxygenated. Still, the 
sulfi dic depth caused a defi ciency of several important met-
als, such as iron and, even more so, molybdenum. Lack of 
molybdenum may have been the cause for the evolution of 
molybdenum-free nitrogenases (using vanadium and iron, 
Berman-Frank et al.  2003 ). According to Canfi eld et al. 
( 2007 ) the increase of deep ocean oxygen over a critical 
point spurred the rapid evolution of animal life.  

    Conclusions 

 Photosynthesis is a very ancient process on our planet. It 
has had profound impact on the biosphere, the chemical 
composition of Earth’s surface and Earth’s atmosphere, 
and on climate, including radiation in the environment. It 
is diffi cult to imagine what this planet would have been 
like had photosynthesis (and especially the oxygenic vari-
ant) not evolved. In any case we would not have been here 
to fi nd out.     
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17.1 Introduction

A prominent example of photobiology is light-initiated 

energy conversion—the process of photosynthesis. The 

photochemical energy transduction of photosynthesis starts 

with photoinitiated electron transfer reactions that occur on 

picosecond and longer time scales. Here we will focus on 

the photoinitiation process, which is called light harvesting. 

Sunlight is absorbed by chromophores such as chlorophyll 

bound at high concentration in proteins. Electronic energy 

transfer (EET) transmits the excitation energy to reaction 

centers wherein the electron transfer reactions are initiated. 

We recommend specialist reviews (Green and Parson 2003; 

Sundström et al. 1999; van Grondelle and Novoderezhkin 

2006; Novoderezhkin and van Grondelle 2010; Scholes 

et al. 2011; Renger and Müh 2013; Cheng and Fleming 

2009; Fassioli et al. 2014) for more detailed information on 

the biophysics of light harvesting. Here we will provide an 

introductory account in the context of photobiology.

Light-harvesting complexes are comprised of chromo-

phores, light-absorbing molecules, usually bound into a 

protein scaffold. Photosynthesis is initiated by the absorp-

tion of light by the chromophores, which excites a molecule 

from the ground state to an electronic excited state. The 

excited state of a molecule like chlorophyll is short lived 

compared to usual biological processes, relaxing to the 

ground state with a time constant of about 4 ns in vivo 

(Connolly et al. 1982; Mullineaux et al. 1993). Before the 

molecule can return to its ground electronic state, the elec-

tronic excitation must be “harvested.” That is, the excita-

tion is transferred through space among the chromophores 

until it eventually reaches a reaction center where it initi-

ates charge separation. That is the process of EET.

A map of the organization of light-harvesting complexes 

around reaction centers in a thylakoid membrane representa-

tive of higher plants or green algae (Croce and van Amerongen 

2011) is shown in Fig. 17.1a. We show the reaction center 

from photosystem II, stripped of the protein scaffold in the 

lower part of Fig. 17.1a. Surrounding the reaction centers are 

major and minor chlorophyll-containing antenna complexes 

that bind, in total, about 200 chlorophylls per reaction center. 

Light harvesting involves the absorption of sunlight by any of 

these chlorophyll chromophores and subsequent transfer 

through space of that electronic excitation to the special pair 

of a reaction center. This process effectively concentrates the 

excitation at reaction centers so they can be cycled signifi-

cantly more frequently than would be possible by direct exci-

tation in sunlight—that is, the so-called antenna effect.

Light-harvesting complexes are not restricted to this par-

ticular design. Indeed, there is a wide variety of light- harvesting 

antenna structures in nature (Fig. 17.1b). They differ in the 

arrangements of chromophores as well as chromophore types. 

In addition to the various chlorophylls, other chromophores 

such as bilins and carotenoids tune the absorption spectra so 

that light can be harvested from the blue wavelengths all the 

way to the near-infrared, depending on the organism. All 

antenna complexes are able to convert the photogenerated 

excitations to charge separation with high efficiency 

(Blankenship 2002). Quantum efficiencies—the probability of 

converting an absorbed photon into a charge separated state—

depend on antenna size, light conditions, and the organism. 

They are documented to be in the range 50–90 %, for example, 

the light harvesting to charge separation efficiency is in the 

range 84–90 % for photosystem II of higher plants (Jursinic 

and Govindjee 1977; Wientjes et al. 2013).
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17.2 Light Quality and Pigments

The variation in the quality of light, or spectral composition, 

and the varying light intensity in different environments are 

vast, yet photosynthetic organisms have adapted to thrive in 

diverse conditions. The fluence rate at the top of the plant 

canopy can be over 100 times higher than in the shade 

beneath the canopy, when comparing in the visible part of 

the spectrum (Fig. 17.2a). Water provides a particularly 

interesting stratified environment based on available light. 

Blue light penetrates significantly deeper than red light in 

clear water (see Chap. 7).

An additional consideration is that not all wavelengths of 

light can support photosynthesis with the same efficiency, 

which is illustrated in the photosynthetic action spectrum 

(Fig. 17.2b; cf. Chap. 8). The action spectrum shows the 

yield of photosynthesis (e.g., oxygen production) as a func-

tion of excitation wavelength. It can be thought of as the rela-

tive effectiveness of different photon energies at generating 

electrons. The action spectrum reveals clearly the spectral 

cross section of light harvesting. Thriving in various light 

conditions requires diversification of light-harvesting com-

plexes as well as nimble adaptation to prevailing conditions.
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Fig. 17.1 (a) Structural organization of light-harvesting complexes and 

reaction centers in higher plants and green algae. Excitation energy cap-

tured by the LHCII and the minor peripheral light-harvesting complexes 

is transferred, via core light-harvesting complexes CP43 and CP47, to 

the reaction center where charge separation is initiated (Adapted from 

Scholes et al. (2011)). (b) Variation in light-harvesting antennae com-

monly encountered in photosynthetic organisms, which vary widely in 

their protein structure and the number and arrangement of pigments uti-

lized. The molecular structures (with parent organisms in brackets) from 

left to right are peridinin-chlorophyll-protein or PCP (of Amphidinium 
carterae), phycoerythrin 545 (of Rhodomonas CS24), light-harvesting 

complex LHCII (of Spinacia olearia), schematic representation of a 

chlorosome (of Chloroflexus aurantiacus), and light- harvesting complex 

LH2 (of Rhodopseudomonas acidophila). Their respective absorption 

spectra, shown in matching colors, illustrate how different organisms 

have evolved to optimize their light-harvesting capabilities in different 

regions of the visible spectrum (Adapted from Scholes et al. (2012))
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Fig. 17.2 (a) Spectral distribution of sunlight at the top of plant can-

opy and in the shade beneath it. (b) Action spectrum (illustrated as 

shaded spectrum) of photosynthesis for a higher plant (spectrum 

adapted from Campbell and Reece 2005) and absorption spectra of pig-

ments involved in photosynthetic light-harvesting. (c) Schematic illus-

tration of chlorophyll, carotenoid, and phycobilin structures
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In all photosynthetic organisms, initial light absorption is 

performed by special organic pigments, which chemically 

and structurally can be broadly subdivided into three major 

groups: chlorophylls (Sects. 9.2, 9.3, 9.4, and 9.5), carot-

enoids, and phycobilins (Fig. 17.2b, c and Sects. 9.6 and 

9.7). In green plants, for example, the action spectrum is in 

close agreement with the absorption spectrum of chloro-

phylls and carotenoids with prominent bands in the violet- 

blue and red region of the spectrum. The middle of the visible 

spectrum is reflected and transmitted, giving leaves their 

green color. So, why would plants evolve to reflect green 

light (Kiang et al. 2007)? Suggestions have been made that 

chlorophyll absorption is exactly complementary to bacteri-

orhodopsin, a purple pigment which was utilized in the earli-

est photosynthetic aquatic bacteria. It is believed that 

organisms that subsequently optimized their photosynthetic 

machinery relied on chlorophyll systems to capture available 

light after sunlight was filtered by bacteriorhodopsin. 

Reviews (Björn et al. 2009; Mauzerall 1973) have high-

lighted that biosynthetic pathways for metal porphyrins, 

which were utilized in electron transport, already existed 

prior to photosynthesis, and implementation of the existing 

precursor for the production of chlorins via porphyrins was a 

clear evolutionary advantage. Björn (1976) also suggested 

that the optimal absorption position for the light-harvesting 

pigment would be around 700 nm, as evidenced by the exclu-

sive dominance of chlorophylls which use only the excitation 

energy from the red part of the spectrum to drive water- 

splitting and ferredoxin-reducing photochemistry. It is 

believed that this ability to efficiently absorb red light was 

the evolutionary driving force to select Chl a as the most 

abundant pigment in photosynthesis (Granick 1965; Björn 

et al. 2009). Later, as light did not present a limiting resource 

for photosynthesis in plants, lack of evolutionary pressure 

did not result in innovation of novel light-harvesting machin-

eries which would utilize a wider part of the solar spectrum, 

and the family of chlorophyll pigments remains the most 

abundant in photosynthesis today.

Blue-green light is absorbed by phycobilins (Fig. 17.2b) 

and coincides with the action spectrum of red algae and cya-

nobacteria. These organisms can live in deeper waters where 

the longer wavelength light used by green plants is already 

filtered out. Owing to the high nitrogen content of phycobili-

proteins, their production can be very costly whenever nitro-

gen is limiting. Thus, in the interest of energy conservation, 

higher plants, which are exposed to an abundance of light 

when growing on land, do not utilize phycobiliproteins for 

the capture of green light (Björn et al. 2009).

Considering the enormous variety of photosynthetic 

organisms, the diversity of chromophores utilized for light 

harvesting is not that large. There are certainly far fewer 

chromophore types than LHC “designs.” So what structural 

and functional characteristics have led to the optimization of 

these classes of pigments? The basic structure of a chloro-

phyll molecule is similar to the heme part of hemoglobin, 

containing a porphyrin-like ring structure, coordinated to a 

central magnesium atom (Fig. 17.2c). The structural varia-

tion among the different chlorophylls originates from the dif-

ferences in side-chain substitutions on the ring, which 

ultimately affect the absorption characteristics of the differ-

ent pigments. The yellow-orange carotenoid chromophores, 

which display a triple peak in the 400–500 nm region, coin-

ciding with chlorophyll Soret band absorption, are bicyclic 

and based either on α-carotene (one β and one ε ring) or 

β-carotene (two β rings). The open-chain tetrapyrrole bilins 

resemble a split porphyrin structure that has been twisted 

into a linear conformation.

All the pigments are based on π-electron systems, cyclic or 

linear, and they are all characterized by exceptionally high 

molar extinction coefficients, typically on the order of 1 × 105 

M−1 cm−1. In linear conjugated molecules, such as carotenoids 

and π-conjugated polymers, scaling laws predict that the 

dipole strength of the lowest allowed electronic transition will 

be correlated to the length squared (Tretiak et al. 1999). 

However, conformation disorder manifest as bond twists and 

conjugation interruptions is expected at normal temperatures, 

leading to the plateauing of the scaling at lengths correspond-

ing to 10–15 double bonds (Scholes and Rumbles 2006).

We have so far only considered pigments as separate enti-

ties whose primary attribute is absorption strength, but as we 

are going to find out in the next sections, pigments are only 

pieces to a big puzzle. The construction of artificial light- 

harvesting model systems has been hindered by both the 

development of suitable pigments and the formation of the 

scaffolding that would circumvent the challenges of organiz-

ing large numbers of constituent chromophores. Recent 

advances have explored the path of developing an architec-

tural platform of multichromophore biohybrid complexes 

that synergistically combines the bioinspired as well as syn-

thetic building blocks for the formation of versatile assem-

blies for light harvesting (Reddy et al. 2013; Yang et al. 2013). 

The rationale behind the design of these biohybrid architec-

tures is that synthesis of the framework structure to accom-

modate a large number of chromophores in an organized 

manner is extremely challenging. These limitations are over-

come, as the bioconjugate utilizes the framework created by 

the analogue of a native photosynthetic light- harvesting pep-

tide. The native chromophores, bacteriochlorophylls and their 

derivatives, on the other hand, have often limited synthetic 

malleability, but recently developed bacteriochlorins (Yang 

et al. 2013) are very stable towards diverse reaction condi-

tions and can be tailored in a variety of ways, allowing for 

wavelength tuning, overcoming limitation that natural sys-

tems face in terms of a reduced coverage of the solar spec-

trum. It was also shown that these oligomeric biohybrid 

architectures that contain such bacteriochlorins exhibit energy 
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transfer yields to the native-like BChl a target sites on the 

order of 90 % (Reddy et al. 2013). Key advances in the field 

of artificial photosynthetic model systems will depend on the 

realization that in these large molecular assemblies, the role 

of constituent chromophores expands from primary energy 

absorbers to efficient energy conduits. Synergetic interactions 

between parts of light- harvesting assemblies will further dic-

tate the desirable spectral features of participating chromo-

phores. Some aspects of the photophysics governing these 

constraints will be discussed in the following sections.

17.3  Physical Principles of Antenna 
Architecture

There is a remarkable variation in antenna structures 

(Hohmann-Marriott and Blankenship 2011) (Figs. 17.3 and 

17.4), but they show some basic principles in common with 

regard to the architectural assembly of chromophores 

(Fig. 17.4). Most antenna complexes are realized through  

pigment-protein associations, where the protein backbone 

allows for chromophores to be held in precise positions, pre-

determining the separation and relative orientation of these  

light-harvesting molecules. The advantage of a three-dimen-

sional arrangement compared to a simple one-dimensional 

model is illustrated in Fig. 17.3. The efficiency of transferring 

excitation energy between two remote pigments, assuming 

equal ratio of donors and traps, in 1D is much smaller, com-

pared to higher dimensional systems owing to the properties 

of random walks. This statistical problem has been researched 

in the 1960s, where the model consisted of an infinite lattice of 

unit cells defined with N points of which (N − 1) are occupied 

by a chlorophyll molecule, while one is represented by a trap 

(Pearlstein 1966, 1967; Robinson 1967; Montroll 1969). 

Calculations by Montroll (1969) assumed equal probability of 

excitation at any nontrapping chlorophyll, and steps were 

taken to near-neighbor lattice points only. For the limit of 

N → ∞, the number of steps, n, required to reach the trap was 

evaluated as follows:
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A downhill energetic ordering of chromophores greatly 

biases the random walk. This principle is often referred to as 

an energy funnel, Fig. 17.3c, illustrating how high-energy 

pigments funnel excitation to energetically lower lying chro-

mophores. In this downhill energy transfer model, excitation 

moves from the periphery towards the reaction center, and 

each step is associated with a small loss of energy as heat. 

The energy cost of the built-in irreversibility in the process is 

antenna
pigments

a

b

c

antenna
pigments

reaction centre
chlorophyll

reaction centre
chlorophyll

reaction
centre

Fig. 17.3 Schematic illustration of excitation transfer paths taken in an 

inefficient one-dimensional arrangement model (a), where far more 

steps are necessary for the shuttling of the energy to the reaction center, 

as compared to when the light-harvesting chromophores rely on a three- 

dimensional spatial distribution (b). The funnel analogy of a photosyn-

thetic antenna, where higher-energy pigments at the periphery are 

excited first and subsequently deliver the excitation energy to red- 

absorbing chromophores in the proximity of the reaction center
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justified, as the net outcome is the concentration of the exci-

tation energy at the reaction center.

Photosynthetic cells generally contain hundreds of thou-

sands of reaction centers and tens of millions of antenna pig-

ment molecules. Often, we think of an elementary unit, a 

photosynthetic unit (PSU), mentioned above, which 

 represents a set of antenna associated with a particular reac-

tion center, defined by a stoichiometric ratio between the total 

number of those two components. Theoretical treatments of 

membranes have focused on either treating all pigments indi-

vidually, relying on a random walk process, or by grouping 

them in pools and only treating the interactions between the 

elementary units. On a microscopic level, describing the 

interaction among N pigments in a light-harvesting complex 

would require precise knowledge of the structural details, 

including the position, orientation, and relative distances. The 

kinetic properties would have to be evaluated by solving the 

rate matrix for the system of N coupled states.

PscA-PscB

PSaA-PsaB

D1-D2-CP47-CP43

Homodimer (11 TMH)

Heterodimer (11 TMH)

Heterodimer (5 + 6 TMH)

Heterodimer (5 TMH)

Antenna systems

C
ry

p
to

p
h
y
ie

E
u
k
a
ry

o
te

s

R
h
o
d
o
p
h
y
ta

G
re

e
n
 a

lg
a
e

C
y
a
n
o
b
a
c
te

ri
a

P
u
rp

le
 b

a
c
te

ri
a

G
re

e
n
 s

u
lf
u
r 

b
a
c
te

ri
a

H
e
lio

b
a
c
te

ri
a FeS (PSI - type) Quinone PSII - type)

Reaction centres

chlorosome

LHI

LHII

LHCII and LHCI

CBP (CP43’/IsiA/Pcp)

baseplate protein

phycobilisome
allophycocyanin

phycocyanin

phycoerythrin

p
h
y
c
o
b
ilip

ro
te

in
s

FMO-Protein

L-M

PshA-PshB

Fig. 17.4 Light-harvesting machinery of some photosynthetic organisms. Abbreviations: TMH transmembrane, LH light harvesting, LHC light- 

harvesting complex, CPB chlorophyll-binding protein
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The sophistication and complexity of microscopic models 

can be circumvented by resorting to simplifying assumptions 

(e.g., energy transfer within the elementary unit is infinitely 

fast or the pigments are isoenergetic). That sort of global 

approach has previously been discussed by Bernhardt and 

Trissl (1999) by contrasting the “puddle” and the “lake” 

arrangement (Fig. 17.5). The separate units in the “puddle” 

model are completely isolated from one another, and their 

excitons are localized to that specific PSU. The other extreme 

is illustrated by the “lake” model, where reaction centers are 

embedded in a matrix of antenna pigments where excitons 

are free to visit any of the reaction centers. Upon encounter-

ing a reaction center that is closed to photochemistry, the 

energy could be transferred to a reaction center that is open, 

eventually leading to trapping. This model is applicable to 

many purple bacteria (Blankenship 2002).

A couple of variations of the intermediate case also exist, 

where exchange of excitons can occur between different 

PSUs to a certain degree. In the connected units model, 

developed by Joliot and Joliot (1964), the puddles are inter-

connected to a certain degree, but the degree of energy trans-

fer between pigments in different puddles is less probable 

than between chromophores within the same puddle. In the 

domain model (Paillotin et al. 1979; Den Hollander et al. 

1983), which is mathematically more sophisticated, a group 

of PSUs with a specific number of RCs are localized in a 

puddle (mini-lake). This scenario seems to be more obvious 

for dimeric aggregation of RCs, something observed in green 

photosynthetic bacteria, where more than one RC associates 

with a single chlorosome antenna complex well separated 

from other peripheral antennae (Blankenship 2002).

Fluorescence techniques have been developed to further 

elucidate these statistical models of PSU organizations. 

Relationships between the photochemical and fluorescence 

yields with respect to the fraction of open/closed reaction cen-

ters may distinguish between the extremes of a lake and puddle 

arrangement. Closure of a trap results in the removal of one of 

the decay pathways, prompting the increase in the fluores-

cence yield. In the puddle arrangement, the fluorescence 

intensity linearly increases with the fraction of traps that are 

connected units model

a b
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c d

Fig. 17.5 Models of antenna 

organization. (a) Connected units, 

(b) Domain model. In the extreme 

cases of the separate units 

(puddle) model (d), antenna 

pigments are associated 

exclusively with a single RC, 

whereas in the lake model (c) 

energy absorbed by individual 

antenna pigments is equally likely 

to be transferred to any RC 

(Adapted from Bernhardt and 

Trissl (1999))
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closed, but the relationship in the lake model is a bit more 

complicated, demonstrating a nonlinear increase of emission 

as the traps are progressively closed. This shows that in the 

lake model the diffusion of excitation is strongly facilitated 

with the final goal of the capture of that energy by an open 

trap, leading to comparatively lower emission yields in the 

lake arrangement as compared to the puddle architecture.

Today, our view of the PSU has become considerably 

more sophisticated, as detailed biochemical and biophysical 

information on specific complexes have become available. 

This has enabled the elucidation of the energy transfer events 

that occur within the PSU. High-resolution crystal structures 

have been elucidated for several light-harvesting complexes 

and that has inspired sophisticated models for energy trans-

fer (van Grondelle and Novoderezhkin 2006; Cheng and 

Fleming 2009; Scholes and Fleming 2006; Renger and Müh 

2013). Most recently, models that even include atomistic 

details of the protein environment have been reported 

(Olbrich and Kleinekathöfer 2010; Olbrich et al. 2011; Shim 

et al. 2012; Curutchet et al. 2011).

17.4 Energy Transfer Mechanism

Perrin in 1927 noted the phenomenon of energy transfer 

while undertaking fluorescence quenching experiments. 

Observations suggested that interactions between molecules 

in solution occurred over distances greater than their diam-

eters and in the absence of collisions. It was realized that 

these interactions that lead to transfer of electronic excita-

tion energy were derived from the Coulombic coupling 

between transition dipole moments of the molecules. 

Dipole-dipole coupling has an inverse distance-cubed 

dependence (1/R3, where R is the center-to-center separation 

of donor and acceptor chromophores), so it can act to trans-

fer energy between molecules separated by up to several 

nanometers.

The model was further clarified with the vision of Theodor 

Förster who realized that in solution, excited molecules 

undergo multiple collisions with the surrounding matrix, 

leading to phase decoherence before incoherent energy 

transfer can occur (Förster 1946). What this means is that 

spectral lines are quite broad for molecules in solution (or 

similar condensed phases) and therefore energy is conserved 

even when transferred between two chromophores with 

 different spectra as long as the fluorescence spectrum of the 

donor overlaps to some extent with the absorption spectrum 

of the acceptor chromophore; see the shaded gray region in 

Fig. 17.6a. We now have a much better understanding of the 

origins of spectral line broadening; see Sect. 2 of Oh et al. 

(2011) and references cited therein. These details are signifi-

cant in more sophisticated theories for energy transfer, but 

we will not cover that subject here.

Spectral overlap is much less probable for molecules in 

the gas phase at low temperature because the vibronic transi-

tions are sharp lines, not broad bands. Nevertheless, the gas 

phase vibronic transitions of donor and acceptor chromo-

phores can be an important ingredient in Förster theory. That 

is, vibronic progressions in the donor fluorescence spectrum 

and acceptor absorption provide an important contribution to 

the spectral overlap (energy conservation during energy 

transfer), especially when the two chromophores are differ-

ent. For example, energy transfer from a green- to a red- 

absorbing molecule is enabled because of the donor 

fluorescence transitions to vibrations in its ground electronic 

state and/or acceptor absorption transitions to vibronic levels 

in the acceptor excited state. The Förster spectral overlap 

sums over all the ways these energy-conserving coupled 

transitions can happen.

Förster’s interest in the topic of energy transfer was 

sparked by realizing that energy capture in photosynthesis 

was much more efficient than would be predicted assuming 

that photons were directly absorbed by the reaction centers. 

The highly efficient energy transfer between closely spaced 

chromophores was described in terms of a “hopping pro-

cess,” where excitation migrates through an antenna com-

plex in a random walk fashion and each step is promoted by 

weak electronic coupling between the transition dipole 

moments of the light-harvesting chromophores.

Förster summarized his theory in an expression for the 

energy transfer rate from the donor to the acceptor, which is 

dependent on the center-to-center separation R, expressed in 

units of cm; the relative orientation of their transition dipoles 

(κ) (Fig. 17.5c); and the Förster spectral overlap integral, JF 

(Fig. 17.6b). The rate is (Braslavsky et al. 2008):
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where ϕD is the donor quantum yield, τD the excited state 

lifetime of the donor (in same units as 1/k), n is the refractive 

index of the surrounding medium, and NA (in units of mol−1) 

is Avogadro’s number. The Förster spectral overlap (JF), 

which has the units of M−1 cm3 or M−1 cm−1 nm4, is derived 

from the overlap of the area-normalized donor emission 

spectrum (FD(λ)) and the absorption spectrum of the accep-

tor expressed in extinction coefficients, εA(λ) [M−1 cm−1]. The 

expression for the Förster spectral overlap integral JF is as 

follows:

 

J FF D A d= ( ) ( )
∞

∫
0

4l e l l l
 

(17.3)

An example calculation for the overlap integral JF has 

been illustrated in Fig. 17.6b for the case of phycoerythrin 

545 (PE545) (donor) and chlorophyll a (acceptor). Note that 
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the scaling for JF on the graph is arbitrary, as the two y-axes 

are used for the donor and acceptor spectral intensities.

The other key ingredient in Förster theory, indeed all the-

ories for energy transfer, is the electronic coupling. As 

 mentioned above, in Förster theory the electronic coupling is 

assumed to be a transition dipole-dipole coupling, so it 

depends on 1/R3 and the orientation factor, κ:
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where m^ D
and m^ A

 represent transition dipole moment unit 

vectors of the donor and the acceptor, respectively, whereas 

R^
is the unit vector of the centre-to-centre separation of the 

transition dipole moments. The vectors and angles used to 

define the orientational factor are illustrated in (Fig. 17.6c), 

and the geometric graphic of κ2 is summarized in the follow-

ing expression:
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Despite the general success of Förster theory, numerous 

studies employing high-resolution structural models, ultra-

fast spectroscopy, and quantum chemical calculations indi-

cate that only a few cases of energy transfer within 

photosynthetic light-harvesting complexes can be correctly 

characterized by conventional Förster theory. Chromophores 

in light-harvesting systems are generally found at very high 

concentration (up to 0.6 M in pigment-protein complexes), 

with a high degree of architectural organization. Even though 

pigment distances have been optimized to minimize electron 

transfer, which requires overlap of molecular wave func-

tions, it is expected that the interaction energies of neighbor-

ing chlorophylls, located 0.5–2 nm apart, would vary widely 

and that the variation in the coupling strength would have a 

direct impact on the quantum mechanical characteristics of 

energy transfer kinetics. That has motivated developments 

that extend the original Förster theory (Beljonne et al. 2009; 

van Grondelle and Novoderezhkin 2006; Ishizaki and 

Fleming 2012; Cheng and Fleming 2009).

There are three principle ways that energy transfer theo-

ries need modification to predict energy transfer in light- 

harvesting complexes. First, electronic coupling must be 

calculated without invoking the dipole approximation, 

because of the close intermolecular separation described 

above. Second, the presence and role of molecular exciton 

states as excitation donors and acceptors need to be consid-

ered. That is usually done using generalized Förster theory 

(GFT) (Scholes and Fleming 2000; Mukai et al. 1999; Jang 

et al. 2004) or modified Redfield theory (Yang and Fleming 

2002; van Grondelle and Novoderezhkin 2006). Third, 

 solvent screening of the electron coupling should be con-

sidered (Scholes et al. 2007; Curutchet et al. 2011). More 

subtle, yet highly interesting, corrections are needed to 

account for dynamical effects of coherence (Scholes 2010; 

Ishizaki and Fleming 2012; Lambert et al. 2013).

The electronic coupling between the donor and acceptor 

chromophores, which promotes electronic energy transfer 

processes in photosynthetic light harvesting, can be parti-

tioned into a long-range coulombic contribution (sometimes 

also referred to as electrodynamic interaction), Ved, and a 

short-range term, Vioo, which is dependent on interchromo-

phore orbital overlap (Scholes 2003; Olaya-Castro and 

Scholes 2011) and becomes very significant below 5 Å. The 

coupling term, Vtotal, at all separations can be expressed as the 

sum of the two contributions:

 
V V Vtotal ed ioo= +  (17.6)

In Förster theory, the weakly coupled chromophores are 

assumed to be well separated compared to their size, so that 

the short-range term Vioo is neglected, and the Coulombic cou-

pling can be approximated as a point dipole-dipole interac-

tion. This model that centers on the localized donor- acceptor 

states is, for example, applicable to the weakly coupled B800 

ring of purple bacterial LH2 (Krueger et al. 1998). The main 

problem with the dipole-dipole approximation is that it works 

well only when the separation between chromophores is large 

compared to the size of those molecules (or if the molecules 

and their arrangement are symmetric, like a “sandwich” 

dimer of anthracene molecules). When the dipole approxima-

tion fails, we need to account more realistically for the shape 

of the transition densities of the chromophores when we cal-

culate the Coulombic coupling between them. A straightfor-

ward approach is to use the transition density cube (TDC) 

method developed by Krueger and co-workers (Krueger et al. 

1998). How and why this is useful is reviewed elsewhere 

(Scholes 2003; Scholes and Fleming 2006).

Interchromophore orbital overlap effects Vioo influence the 

electronic coupling when molecules are very close. The main 

case where they matter is when the transitions on the mole-

cules—de-excitation of the donor and excitation of the 

acceptor—are spin forbidden (Andrews et al. 2011). Triplet- 

triplet energy transfer and the closely related energy transfer 

from triplet chlorophyll to sensitize singlet oxygen are pro-

cesses in photosynthesis mediated by Vioo.

17.5 Summary and Further Reading

We recommend specialist reviews for more detailed informa-

tion on the biophysics of light harvesting (Green and Parson 

2003; Sundström et al. 1999; van Grondelle and 

Novoderezhkin 2006; Novoderezhkin and van Grondelle 

2010; Scholes et al. 2011; Renger and Müh 2013; Cheng and 

Fleming 2009; Fassioli et al. 2014). One of the topics that has 

generated great interest recently is the question of coherence 

in light harvesting. In other words, is the incoherent hopping 

model, where excitation energy jumps randomly from mole-

cule to molecule, sufficiently accurate to capture the details of 

light harvesting? It is clear this model does not work when 

chromophores are relatively strongly electronically coupled. 

We suggest the interested reader to refer to these reviews—

and references cited therein—for more information (Fassioli 

et al. 2014; Scholes et al. 2011, 2012; Cheng and Fleming 

2009; Ishizaki and Fleming 2012; Huelga and Plenio 2013).

17 Photosynthetic Light Harvesting
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18.1  Biological Clocks

The daily revolutions of the earth around its axis are responsi-

ble for day and night and its annual orbit around the sun for the 

seasons with their fluctuations in day length. Most organisms 

have adapted to these diurnal and annual cycles. The strategies 

and mechanisms used are quite delicate and complicated.

It came as a surprise that photosynthesis and many other 

processes are, however, additionally controlled by internal 
clocks. Thus, photosynthesis fluctuates not only during the 

daily light-dark cycle (=LD; see the List of Abbreviations and 

http://www.circadian.org/dictionary.html) but also when the 

plants are kept under LL and constant temperature (Hennessey 

and Field 1991). However, the period length (period for short) 

of this rhythmic event then deviates from exactly 24 h and is 

therefore called circadian (from Latin circa, about, and dies, 

day). If in the absence of LD and temperature cycles other 

24 h time cues (also called zeitgeber, German for time giver) 

would control the rhythm, it should show an exact 24 h 

rhythm. This is not the case, demonstrating the endogenous 

nature of a clock that is locked to light signals (see Fig. 18.1).

18.1.1  Spectrum of Rhythms

Endogenous rhythms of organisms are not only tuned to the 

daily cycle of 24 h. The range of rhythms found in organisms 

covers ultradian (with periods of several hours to very short 

ones), circadian, and annual (with periods of about a year) 

rhythms. Other rhythms such as tidal, 14-day, and monthly 

ones cope with influences of the moon on the earth, mainly on 

the water movements of the oceans, and they are therefore 

found in organisms at the coasts and in the sea. Annual 

rhythms interact with the day-length changes during the year 

(see below). There are furthermore rhythms with periods cov-

ering several years. The following discussion of a “biological 

clock” is restricted to circadian rhythms. Even they are often 

not just composed of one clock type but form a “circadian 

system” consisting of two or more clocks with different prop-

erties which are or are not coupled mutually (Rosbash 2009; 

Bell-Pedersen et al. 2005; Panda and Hogenesch 2004).

18.1.2  Function of Circadian Clocks

The term “clock” usually implies a time-measuring device or 

function. For instance, the day length (or night length) can be 

determined by an organism. Since day length is a function of 

the time of the year (long days in summer, short days in win-

ter), it can be used to time certain events such as flowering or 

tuber formation of a plant or breeding of birds and mammals 

during the most appropriate season. These processes are 

denoted photoperiodism (see Chap. 19).

However, a clock can also be used to set a certain tempo-

ral order. For instance, the circadian control of our sleep- 

wake cycle ensures that we rise in the morning and fall asleep 

in the evening at a preferred time. Food intake and digestion 

are likewise controlled by this clock and gated to certain 

times of the day (Silver et al. 2011; Duguay and Cermakian 

2009; Forsgren 1935). The circadian clock will time these 
events also under constant conditions.

Furthermore, circadian clocks can serve as alarm clocks. 

They tell the organism important times of the day. For instance, 

the alarm clocks of insects such as bees allow them to visit the 

flowers of a plant at the time they offer nectar and/or pollen. 

From the standpoint of the plant, attracting certain insects is 
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more efficient if timed to their active period. If flowers open at 

night, pollination by moths or bats is facilitated. Evolution has 

worked on the plant and the pollinator to bring about this deli-

cate interplay controlled by circadian clocks. This phenome-

non is often termed synchronization to the environment.

Alarm clocks might also exist in man. Some humans are able 

to wake up at a certain time of the night without external help by 

relying on a “head clock” (Clauser 1954). Although not tested 

yet, this alarm device might be based on a circadian clock.

Circadian clocks can also be used by insects (Heinze and 

Reppert 2012; Homberg et al. 2011; Merlin et al. 2011; 

Reppert et al. 2010; Collett 2008), birds (Muheim 2011), liz-

ards (Foà et al. 2009), fishes (Leis et al. 2011), bats (Holland 

et al. 2010), and other animals (Ugolini et al. 2007) for navi-

gation and orientation using the direction of the sun. These 

animals have to take the changing position of the sun or the 

polarization pattern of the sky during the day into account, 

and the circadian clock is used as an internal time reference 

for this sun compass orientation (Able 1995; Schmidt- 

Koenig 1975). Some birds fly at night and orient by using a 

star compass, whereby the changing night sky is compen-

sated for (Dacke et al. 2011; Ugolini et al. 2005).

18.1.3  Properties and Formal Structure 
of the Circadian System

Besides being found in almost all living beings, from pro-

karyotes to higher organisms, circadian clocks possess a 

number of formal properties. The clocks:

Have a period of roughly 24 h (about 18 and 28 h in 

extreme cases) under constant conditions

Are synchronized by time cues (mainly daily light and 

temperature changes) to 24 h function on the cellular level 

and are heritable

Are of advantage to the clock bearer

Have a period that is only slightly dependent on tempera-

ture (if constant)

If, for instance, the plant Kalanchoe blossfeldiana is kept 

under constant weak green light conditions, the period of the 

opening and closing of the four petals of the flowers amounts 

to 22 h at a temperature of 22 °C (Fig. 18.1). If exposed to an 

LD 12:12, the flowers open during the light period and close 

during the dark period. The period of the cycle is now exactly 

24 h. Under constant conditions the “free-run” period is 

21.9 h at 15 °C, 22.3 h at 20 °C, and 21.3 h at 25 °C (Oltmanns 

1960). The differences in period are quite small compared to 

the influence temperature normally has on chemical and bio-

chemical reactions.

Mutants of organisms are known which differ in clock 

properties. For instance, the locomotor activity rhythm of 

the Drosophila mutant pers has a period of 19.5 h com-

pared to 24.4 h for the wild type, and the period of the 

mutant perl amounts to 28.6 h. Another mutant (per0) is 

arrhythmic.

Any useful model of a circadian system has to take the 

general properties above into account and has to offer mech-

anisms which lead to the circadian period of about 24 h, to 

the low temperature dependence of period, to ways of syn-

chronizing the rhythms to the 24 h time cues, etc. We will 

first discuss modeling of a circadian system (see Sect. 18.1.4) 

and then focus on some features of the light action on the 

clocks (see Sect. 18.1.5). Clocks in different organisms will 

be treated in subsequent sections.

0 1 2 3 4 5 6 7

0 1 2 3 4 5 6 7

Time [days]

1st LP

A
m

pl
itu

de

τ

Φ

τ

2nd LP

cl
os

ed
 -

 o
pe

n
cl

os
ed

 -
 o

pe
n

Fig. 18.1 Top: petal movement of a single flower of Kalanchoe bloss-
feldiana released from 12:12 h LD cycles in DD for 7 days shows free 

run of 22 h (whereas in LD the period is 24 h, not shown). Maximal 

(short red arrows) and minimal (short blue arrows) opening of flowers, 

period length τ (red double-headed arrow), phase Φ and amplitude 

(vertical red line) are indicated. Second diagram: rhythm annihilating 

light pulse (1st LP, red arrow), which, if given at the proper time (in 

minimum) and strength, induces arrhythmicity. A second LP (2nd LP, 

red arrow) starts the oscillation again. Insets show open and closed pet-

als of flowers; see also a time-lapse movie (links: http://nbn-resolving.

de/urn:nbn:de:bsz:21-opus-66695 and http://nbnresolving.de/urn:nbn: 

de:bsz:21-opus-66709)
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18.1.4  Modeling Circadian Clocks

Published models of circadian systems are of different kinds. 

Some are purely mathematical ones, describing the variables in, 

usually, differential equations; others are presented as block dia-

grams based on concepts from control theory. They often use 

numerical methods to simulate the circadian behavior. A third 

form of models describes reactions in words and figures without 

deriving or attempting quantitative relations (see the selected 

examples in Sects. 18.2, 18.3, 18.4, 18.5, 18.6, and 18.7).

Ultimately, the models should give precise qualitative and 

quantitative descriptions and predictions at the molecular, 

the cellular, and the organism level.

It is important to model not only the circadian system 

proper but also the inputs particularly the light pathways – 

and also the outputs of the clock.

The Light Input to the Clock The detailed way in which light 

affects a circadian system is important for a model. Light signals 

from the environment are perceived in photoreceptor molecules 

and organs which might differ widely between organisms. 

These photoreceptors have to be identified for each system. 

After photons are absorbed, the excitation energy affects the 

clock via a signal chain. The details of these pathways have to 

be known and the way in which the transformed light signal 

enters the clock has to be determined. Modeling requires spe-

cific knowledge for each circadian system under study.

The Circadian System and the Feedback Concept In 

models for circadian systems, the concepts of positive and 

negative feedback and of time delay are frequently used. 

Feedback simply means that a signal in the system is fed 

back to one or several points in the system and affects the 

production or the destruction of the signal itself. Control 

theory tells that feedback in a system might lead to oscilla-

tions, in particular if the signal in the feedback loop is 

delayed in a suitable way.

In several relevant models the feedback links can easily 

be visualized: often this “circular process” is denoted TTFL 

(for transcription-translation feedback loop) in the present 

context. The time delays which exist in the system could be 

due to transcription, translation, transport, and production or 

decomposition of clock-related components (see Sects. 18.2, 

18.3, 18.4, 18.5, 18.6, and 18.7).

A simple description of a feedback oscillator is as fol-

lows: let c(t) represent the concentration of an oscillating 

central variable in the clock (e.g., the protein FRQ). In a 

feedback model the signal c(t) in the loop is delayed in a 

suitable way before feeding back to reinforce (amplify) 

an already existing signal and induce oscillations. If we 

assume that the substance is produced at time t according 

to the concentration of the same substance c(t) at a 

 certain earlier time c(t − t0), we have a simple 

 feedback  system with delay t0. The situation can be 

expressed as

Production of substance at time = concentration of substancet K( ) − × aat time 0t t−( )( )

Here K is a positive constant and the negative sign indi-

cates that production is decreased if the concentration was 

high t0 hours earlier, while it is increased if concentration 

was low t0 hours earlier (inhibition occurs if concentration 

was high, activation occurs if concentration was low at some 

time units earlier).

The approach can describe sustained oscillations in the 

variable c if the delay t0 and the feedback signal are large 

enough (i.e., if K is large enough). Furthermore, the period 

of the oscillations will be about four times the delay time 

introduced. Circadian oscillations would thus need a delay of 

about 6 h in the example in order to end up with a 24 h 

period. Interestingly, experimental results pointing at an 

explicit delay of about 6 h in a molecular feedback chain of 

the clock in Drosophila has recently been published (see 

page 39 and Meyer et al. 2006).

Simple models based on explicit feedback and time delay 

concepts (but using nonlinearities that are always present in 

biological systems and needed to create sustained and lim-

ited concentrations in the systems) have been used to simu-

late features of circadian rhythms (Kalanchoe petal rhythm, 

Johnsson et al. 1973; Karlsson and Johnsson 1972), photope-

riodic flowering in Chenopodium (Bollig et al. 1976), and 

activity rhythm in the New Zealand weta (Lewis 1999). The 

specifications of the TTFL began later with the mechanisms 

of interaction between mRNA and protein levels (Hardin 

et al. 1990), and several molecular models have been pub-

lished (Leloup and Goldbeter 2008; Dunlap et al. 2007; 

Loros et al. 2007; Mackey 2007; Lema and Auerbach 2006).

Many models of the circadian clockwork have been pub-

lished, emphasizing different aspects of the oscillating sys-

tem (Dalchau 2012; Beersma 2005) and different approaches 

such as used in systems biology (Hogenesch and Ueda 2011; 

Yamada and Forger 2010; Ukai and Ueda 2010; Hubbard 

et al. 2009). For the history see Tyson et al. (2008) and 

Roenneberg et al. (2008).

Output Signals from the Clock It is also important to 

model reaction sequences downstream of the clock. The 

period of the circadian system will be reflected in the reac-

tions driven by the clock. Amplitude and phase of the driven 

reactions might change, but the final reactions that are 

18 How Light Resets Circadian Clocks
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observable – the hands of the clock – have the same period as 

the clock. This is stressed since environmental light signals 

might affect the downstream reactions directly, thereby 

changing, for instance, their amplitude. Such changes should 

not be mistakenly ascribed to light effects on the circadian 

system itself.

The photoreception can be clock controlled by feedback 

links that change the properties of light receptor systems (for 

instance, control of the iris muscle in mammals, Fig. 18.10, 

and leaf position in plants). In addition, light adaptation and 

other changes of sensitivity to light might increase the level 

of complexity in modeling the light-induced effects on the 

circadian clock. Detailed modeling of the light reactions 

relies of course on experimental investigations of the light 

perception and transduction of the various organisms.

Posttranscriptional feedback loops (PTFL) have acquired 

much interest in recent studies, e.g., with respect to KaiC 

phosphorylation, Sect. 18.2, and also protein oxidation pro-

cesses (Brown et al. 2012). In such a system the parameters 

of the overall system will then be dependent on the PTFL 

and more complex output signals can be found.

Single and Multi-oscillator Models Several important fea-

tures of circadian systems are modeled on the assumption 

that one single oscillator controls the clock. A one-oscillator 

model does not preclude the presence of many cellular oscil-

lators. It only assumes that they are so strongly coupled to 

each other that they (in most cases) behave as one single unit 

(a “lumped” model).

However, in multi-oscillator models the circadian system 

can have new features that are not explainable under the 

assumption that the system consists of one single oscillator. 

The circadian system of humans is an example which is often 

modeled by two interacting oscillators. One of them is then 

assumed to have its strongest influence on (among other 

rhythms) the activity rhythm and the other one on (among 

 others) the body temperature rhythm. Usually the two oscilla-

tors are coupled and oscillate in phase, but the dual nature of 

the system can show up in, for example, isolation experiments 

(without time cues) where the rhythms might display different 

periods (Oishi et al. 2001; Kronauer et al. 1982; Wever 1979).

Modeling often starts with a simple one-oscillator 

assumption, an approach that eventually turns out to be too 

simple. Many circadian systems should be modeled as multi- 

oscillatory systems, even on a single cell level (Daan et al. 

2001; Roenneberg and Mittag 1996). In the case of 

Drosophila, several oscillators are nowadays implicated in 

more detailed modeling (see Sect. 18.6.3).

It is interesting that after a period of intensive experimen-

tal studies of the molecular mechanisms that underlie circa-

dian rhythms, formal modeling of circadian rhythms and their 

light reactions has gained impact. Many models of the circa-

dian clockwork have been published, emphasizing different 

aspects of the oscillating system. Not all of them focus on the 

light perception and the light reactions. We, therefore, do not 

mention all models here but refer to some papers (Beersma 

2005; Ruoff and Rensing 2004; Leloup and Goldbeter 1999; 

Forger et al. 1999; Lakin-Thomas and Johnson 1999; Jewett 

et al. 1999a, b; Leloup and Goldbeter 1998; Deacon and 

Arendt 1996; Goldbeter 1995; Diez- Noguera 1994).

18.1.5  Comments on Light, Photoreceptors, 
and Circadian Models

As has been emphasized, light is the most important input 

signal to a circadian system, and there are several general 

features that must be handled by models such as:

Entrainment: Repetitive light pulses entrain the circadian 

rhythm (“entrainment,” “synchonization,” “phase lock-

ing”). The external light cycle will function as a synchro-

nizer. This general property of circadian systems has also 

to be simulated by models of circadian systems. The 

range of entrainment can be used to test models. Besides 

light, temperature changes are also entraining circadian 

rhythms. At the same time, the speed of the circadian 

clock is only marginally affected by the environmental 

temperature, because they are “temperature compen-

sated.” Models should take care of both facts (see, e.g., 

Ruoff and Rensing 2004, 1996).

Single light pulses: Single light pulses given to an organ-

ism during free-run phase shift, the rhythm and a phase 

response curve describes its time course. A model should 

handle this and the light signal pathway into the clock in 

detail.

Acclimation: Photoreceptors function over a huge range 

of light intensities. As an example, the human eye covers 

nine orders of magnitude. Still, the eye senses a contrast 

ratio of only 1,000. The reason is that the eye adapts to a 

light level that is interpreted as darkness. It can shift 

across six orders of magnitude. It takes 20–30 min to 

adapt from bright sunlight to complete darkness and about 

5 min to adapt to bright sunlight from darkness.

Masking: Masking is an immediate response to stimuli 

such as light and other environmental influences that 

overrides the influence of the circadian system on behav-

ior and physiology of an organism. Masking effects differ 

from entrainment of the clock, and techniques can be used 

to distinguish between both (Rietveld et al. 1993). 

Nocturnal animals respond to darkness by becoming 

more active (positive masking) and to light by becoming 

less active (negative masking). Diurnal animals show the 

opposite response (Pendergast and Yamazaki 2011). In 

fruit flies (Kempinger et al. 2009) and primates (Erkert 

et al. 2006), nocturnal light can shift the circadian clock 

and increase nocturnal activity independent of the clock.
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Damping: Circadian rhythms might damp out under cer-

tain environmental conditions such as LL and/or DD or at 

too high or too low temperatures. There is apparently a 

permissive range allowing circadian rhythms to occur.

Stopping the clock by light pulses: In many models phase 

shifts and amplitude changes brought about by light 

pulses are concomitant features. Under certain conditions 

an external light pulse can reduce the amplitude com-

pletely, thus stopping the oscillation, and models must 

cope with this feature. Arrythmicity was indeed found 

(see Winfree 1970) for certain combinations of irradiance 

and pulse durations in Drosophila (Chandrashekaran and 

Engelmann 1973), modeled by Leloup and Goldbeter 

(2001), in Culex mosquito (Peterson 1981a, b), and in 

Kalanchoe (Engelmann et al. 1978). The phase at which 

such an arrhythmicity can be induced was fairly restricted 

(subjective midnight point; the strength of the pulse has to 

be such that it is just between evoking a strong or a weak 

phase response curve). A mathematically and biologically 

interesting question arises: will a circadian system start 

oscillating spontaneously again after having been sent 

into the nonoscillatory state or is it stable? The so-called 

singularities, limit cycles, etc., have attracted interest with 

respect to the mathematical structure of the circadian sys-

tems. An interesting case of arrhythmicity in the Siberian 

hamster was reported by Steinlechner et al. (2002) (see 

page 51).

The necessary synchronization of a circadian clock to the 

environmental cycle is most frequently achieved by using the 

LD cycle as time cue, but temperature rises or temperature 

drops can also function as zeitgeber. In animals non-photic 

zeitgeber such as feeding, social cues, and other signals can 

entrain (Silver et al. 2011; Honma and Honma 2009; Satoh 

et al. 2006; Mistlberger and Skene 2005; Stephan 2002).

If a Kalanchoe plant is kept for some days in an air- 

conditioned chamber with 12:12 h LD and after the last 12 h 

of light transferred to DD, the circadian opening and closing 

of the flowers will continue to run with its characteristic 

period going through subjective day and night cycles. A light 

pulse would shift this rhythm or not, depending on the phase 

of the clock at which the pulse is applied. If given before the 

subjective midnight point, the rhythm will be delayed, if 

given after this point, the rhythm will be advanced. During 

the subjective day period, there is normally a “dead zone” 

where a light pulse is without effect on the rhythm. These 

phase shifts can be plotted with respect to magnitude and 

direction by a phase response curve. They are based on 

experiments with light pulses administered at different 

phases (see Fig. 18.2).

The dominant role of light in this entrainment might be 

due to the high reliability of light as zeitgeber, whereas 

temperature changes during day and night are less reliable. 

However, the beginning of the light period and correspond-

ingly of the dark period does not occur at the same time of 

the day during the course of the year. During the summer 

the light period is longer than during the winter, which is 

quite obvious at higher latitudes. This fact has to be taken 

into account by the organisms if light is the entraining 

agent.

Photoperiodic Induction The Bünning hypothesis, accord-

ing to which the circadian clock is used by organisms to 

measure day (night) length and initiate photoperiodic events 

accordingly (Bünning 1936), has been modeled. LD condi-

tions in combination with variations of the circadian clock 

could be used to predict, e.g., flower induction and hiberna-

tion. The modeling thus involves the proper treatment of the 

light perception for the induction of the photoperiodic events 

and the light perception for the phasing and entrainment of 

the clock. The two perception mechanisms can of course be 

unified – only experiments can verify the models proposed. 

Even simple approaches can in some cases model photoperi-

odic events fairly precisely, e.g., flower induction in 

Chenopodium as described by Bollig et al. (1976).

Photoreceptors Depending on the organism the photopig-

ments and photoreceptors for resetting the clocks can be 

quite diverse (Collin et al. 2009; Cermakian and Boivin 

2009; Foster et al. 2007 and Table 18.1). In many unicellu-

lars, such as yeast or most algae such as Ostreococcus 

(Sect. 18.3), no special receptor structures have been found 

(Gotow and Nishi 2008). Instead pigment molecules in the 

cells are changed by light and a transduction chain finally 

resets the clock. In animals specialized light receptive organs 

are used such as the vertebrate eyes or the compound eyes in 

insects. But often extraretinal photoreceptors serve to per-

ceive the synchronizing light either in addition to or instead 

of the usual eyes. For instance, in birds the pineal organ is 

light sensitive and synchronizes the circadian rhythm if the 

eyes are obscured or denervated or removed. In Drosophila 

flies, the circadian clock neurons in the brain are light sensi-

tive on their own via the blue-light pigment cryptochrome. 

Furthermore the Hofbauer-Buchner eyelets are extraretinal 

structures in the brain and serve as additional devices for 

synchronization (Sect. 18.6).

There are several reasons why organisms use multiple 

photopigments and photoreceptors (Foster and Helfrich- 

Förster 2001; Roenneberg and Foster 1997); see also page 

39, among them:

Natural LD cycles do not simply consist of light steps. 

Instead, light is increasing and decreasing slowly during 

the twilight of the day.

If organisms use certain light intensities during twilight as 

the onset, respectively, end of the day, the day length can 

be measured accurately and reliably and independently of 

daily weather conditions.

18 How Light Resets Circadian Clocks
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Fig. 18.2 (a) Eclosion rhythm of Drosophila pseudoobscura. Pupae 

kept in LD 12:12 h and released in DD at time 0 on first day. Curves in 

upper part show eclosion rate of a control population, the phase-shifting 

effect of a 25 sec blue-light exposure at two different phases (2 and 6 h 

after onset of DD, marked by blue vertical arrow) leading to a delay (→) 

and an advance (←), respectively (differences between the time of maxi-

mal eclosions of control (blue vertical dashed lines) and eclosion peaks 

of light-treated groups (red arrows). (b) A phase response curve plots the 

magnitude and direction (−values, delay; +values, advance) of the phase 

shifts against the phase at which the pupae were illuminated. Left curve 

(blue) for weak phase responses, right curve (red) for strong responses. 

CT is circadian time, CT 0 is the time at which the light period would 

begin if the LD12:12 would have continued. Inset shows a fly eclosing 

from the puparium (see also the time-lapse movies, links: [http://nbn-

resolving.de/urn:nbn:de:bsz:21-opus-66660] and [http://nbn-resolving.

de/urn:nbn:de:bsz:21-opus-66676])

Table 18.1 Chromophores overview of photopigments in various groups in this chapter. See list of abbreviations

Group Genus Photopigment (spectral range) → effects See page

Cyanobacteria Synechococcus Chlorophyll → energy state of cell 15

Algae Ostreococcus LOV-HK, Rhod-HK, CRY- photolyase family CPF1, CPF2 20

Algae Chlamydomonas CRYs, phototropin NPH1 22

Plants Arabidopsis CRYs, ZTL, phototropins (UV-A) and UVR (UV-B), PHY 26

Fungi Neurospora WC-1 (FAD/LOV), flavin-binding VVD receptor 32

Insects Drosophila CRY (LNv), rhodopsin (compound eye, ocelli, HB eyelet) 39

Mammals Mammals Melanopsin (ipRGC), rhodopsins (rods, cones) 50
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During twilight at dusk and dawn, not only the intensity 

of light changes but also its spectral composition. 

Different qualities of the environmental light can be used 

by a set of different photoreceptors.

Entrainment by dawn and dusk is more effective than 

lights on/off programs in all animals tested so far includ-

ing man Fleissner and Fleissner (2001).

The signal-to-noise ratio is reduced if several inputs are 

used. Photopigments like PHY (Auldridge and Forest 

2011), CRY (Chaves et al. 2011), opsins (Foster et al. 

2007), and others synchronize circadian rhythms. 

Properties and functions of relevant pigments are described 

under the examples for organisms with circadian rhythms 

(Sects. 18.2, 18.3, 18.4, 18.5, 18.6, and 18.7). Depending 

on the kind of photoreceptor, different spectral wave-

lengths are more or less effective in resetting the circadian 

clock. Using varying fluence rates of colored light, action 

spectra can be obtained (see Chap. 8) which tell us how 

many photons of the different wavelengths are needed in 

order to evoke the same effect (see page 35). The effect of 

light depends, however, not only on the wavelength and 

the fluence rate but also on the phase of the circadian clock 

at which the light was given (see Sect. 18.1.5) and on the 

duration and shape of the pulses.

18.1.6  Adaptive Significance and Evolutionary 
Aspects of Circadian Clocks

The adaptive significance of possessing a circadian clock 

(Johnson 2005) has been demonstrated in cyanobacteria by 

using mutants with different periods in competition with 

each other and with the wild strain (Woelfle et al. 2004; 

Gonze et al. 2002; Johnson and Golden 1999; Ouyang et al. 

1998): see also page 15, in Arabidopsis (Hut and Beersma 

2011; Yerushalmi et al. 2011; Michael et al. 2003; Green 

et al. 2002), in Drosophila (Xu et al. 2011; Rosato and 

Kyriacou 2011; Kumar et al. 2005; Beaver et al. 2002; Fleury 

2000; Klarsfeld and Rouyer 1998), and in mammals (Daan 

et al. 2011; Tauber et al. 2004; Sharma 2003; Hurd and Ralph 

1998; DeCoursey and Krulas 1998).

The different functions of circadian clocks just mentioned 

are surely not the only reasons why they evolved. Winfree 

(1986) and others have discussed that early in evolution cir-

cadian clocks might have served to protect organisms from 

adverse effects of light. Circadian timing and light reception 

might have coevolved and even preceded the evolution of 

specialized photoreceptors and eyes. Homologies between 

pacemaking molecules and ancient photopigments from 

fungi to mammals suggest an evolutionary link between 

modern clock proteins and ancient light sensing proteins 

(Tauber et al. 2004; Sharma 2003; Crosthwaite et al. 1997). 

However, this link is difficult to prove. An interesting exam-

ple is CRY, which is used as a clock protein in mammals but 

as a photopigment in Drosophila’s clock neurons in the 

brain. In peripheral clocks of Drosophila, CRY appears to 

fulfill both roles. Furthermore, in higher animals (verte-

brates, insects) the retina is not only a photoreceptor organ 

but harbors at the same time (peripheral) clocks (see 

Sect. 18.7.4). It would be interesting to know whether primi-

tive eyes (for instance, eye spots) contain circadian clock 

cells. Among vertebrates, retinal clocks seem to be quite 

ancient (lamprey Menaker et al. 1997).

Vertebrates show a wide evolutionary variety in their cir-

cadian system. They possess a so-called circadian axis (ret-

ina, pineal, suprachiasmatic nucleus) with circadian 

oscillators. In mammals, the pineal as part of this axis does 

not contain a circadian oscillator. Mammals also lack extra-

retinal circadian photoreceptors (in the pineal) in contrast to 

other vertebrates (Bertolucci and Foà 2004). A “nocturnal 

bottleneck” that could have led to the evolution of mammals 

and their exceptional circadian system is discussed by 

Menaker et al. (1997).

18.1.7  Current Concepts and Caveats

To understand how circadian clocks are synchronized by 

light and other time cues, the mechanisms of circadian oscil-

lators have to be known, as well as the photoreceptors and 

pigments involved in the entrainment. The clock mecha-

nisms are currently intensively studied (see Sect. 18.2 and 

the following ones). The prevailing opinion is that feedback 
loops (TTFLs) between clock gene products acting on the 
promoters of their genes are at the heart of these clocks 

(Hardin 2005). Transcription and translation are thus 

involved in modeling the clock.

However, the picture is probably more complicated, and 

cautions have been raised (Lakin-Thomas 2006). For 

instance, these TTFLs might not be the core clocks, but ele-

ments between the environmental inputs and the clock mech-

anism proper (Merrow et al. 1999). Other cases have been 

reported which make it difficult to accept the presently 

favored concept of a circadian clock mechanism as a general 

one. Enucleated Acetabularia still has a circadian rhythm of 

oxygen production (Karakashian and Schweiger 1976), dry 

seeds of bean plants show circadian rhythms in respiration 

(Bryant 1972), and some enzymes of human erythrocytes 
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fluctuate in a circadian way (O’Neill and Reddy 2011; 

Ashkenazi et al. 1975). What is common to the two last men-

tioned systems is the complete lack of nucleic acid metabo-

lism. This is an important issue, since several of the recently 

proposed models of circadian systems use feedback systems 

in transcriptional and translational events. It might therefore 

be wise to keep an open eye on alternative mechanisms 

underlying the circadian oscillators. Of course, there is no 

guarantee that all circadian clocks use the same mechanism, 

although their properties are often quite similar.

Proteins could, for instance, be involved in timing mecha-

nisms. We refer to the circadian clock mechanism in 

Synechococcus in Sect. 18.2, to Ostreococcus in Sect. 18.3, 

and to a report of Meyer et al. (2006) on the Drosophila 

clock (page 39). Another interesting case is the diapause of 

embryos in the eggs of silk moths (Bombyx mori), which is 

broken by exposure to low temperature. The duration of the 

chilling period is measured by esterase A4 complexing with 

another enzyme, PIN. After 14 days it dissociates from PIN, 

the conformation of the esterase A4 changes, and it becomes 

suddenly active. This enzyme is thus a kind of molecular 

timer (although here not on a 24 h basis, Kai et al. 1999).

Membranes and electrical activities might also be 

involved in the clock mechanism. Colwell suggested that 

neural activities in the suprachiasmatic nucleus (SCN) are 

required to generate rhythms in gene expression (Colwell 

2011); see also results of Nitabach et al. (2005) in Drosophila.

Even if TTFLs are not at the heart of all clock mecha-

nisms, it is still possible to build models on the general con-

cept of feedback as discussed on page 6 – the delays and the 

molecular mechanisms have then to be found among other 

cellular reactions.

Photic phase response curves are similar in all organisms 

and this is true for mammals, nocturnal as well as diurnal, 

including man. However, the amplitude and duration of the 

advance and delay portion and the presence and length of a 

dead zone (see page 10) might vary in different species 

(Rusak and Zucker 1979). This allows for adjustment of the 

phase and period of the circadian clock to the 24 h day.

We will now discuss the circadian clocks and 

 photoreceptors in selected examples.

18.2  Clocks and Light in Cyanobacteria

The simplest organisms known to possess a circadian clock 

are cyanobacteria. These prokaryotes are among the small-

est, albeit most abundant, organisms on earth and were for a 

long time not thought to possess a circadian clock. It was 

assumed that a cell dividing several times per day (e.g., 

Synechococcus elongatus once every 5–6 h, Mori et al. 1996) 

would have no use for a circadian timing mechanism and 

that a nucleus is needed.

However, Stal and Krumbein (1985a, b) observed in cya-

nobacteria a circadian nitrogenase activity in reducing atmo-

spheric nitrogen to ammonia. This enzyme is inhibited by 

oxygen and has therefore to be protected against oxygen pro-

duced during the day by photosynthesis. Evolution solved 

this dilemma in two ways, by either separating the processes 

in space or in time (Mitsui et al. 1986). Later it turned out 

that gene expression, metabolism, and cell division are all 

driven by a circadian clock (Johnson 2010). Besides 

Synechococcus (Mackey et al. 2011), the circadian rhythms 

of other cyanobacteria such as Synechocystis (Layana and 

Diambra 2011), Cyanothece (McDermott et al. 2011; 

Bradley and Reddy 1997), and Prochlorococcus (Mullineaux 

and Stanewsky 2009; Axmann et al. 2009; Zinser et al. 2009) 

were also studied. Synechococcus and Prochlorococcus 

dominate the picophytoplankton of the oceans, the latter 

being probably the most abundant photosynthetic organism 

on earth. In the following the main properties of the circa-

dian clock, clock-driven processes, and the present view of 

the molecular clockwork and its light resetting in cyanobac-

teria are presented. How circadian clocks in cyanobacteria 

might have evolved is discussed by Johnson et al. (2011), 

Hut and Beersma (2011), and Simons (2009).

The necessary temperature independence of the period 

length (Sect. 18.1.5) was indeed found, even in the thermo-

philic cyanobacterium Thermosynechococcus elongatus tested 

in a temperature range between 35 and 55 °C (Onai et al. 2004). 

Since chemical reactions are usually temperature dependent 

with a Q10 often around two to three, meaning that the reaction 

is twice or three times as fast at a temperature 10 °C higher, 

mechanisms are needed to compensate the temperature effects 

(proposals; see Hatakeyama and Kaneko 2012; Akiyama 2012; 

Murakami et al. 2008; Kotov et al. 2007).

The circadian clock should be accurate despite a noisy 

environment inside and outside the cell. The individual oscil-

lators in cyanobacteria are indeed quite stable. The stability 

in a population could be due to intercellular coupling, but 

this has been shown to be negligible theoretically and experi-

mentally (Amdaoud et al. 2007). The high stability of indi-

vidual oscillators in cyanobacteria must therefore be based 

on genetical and metabolic grounds.

In spite of the high precision of the clock, it has to be 

synchronized with the 24 h environment. The main environ-

mental time cues are light and temperature. Lin et al. (1999) 

showed for Synechococcus that temperature pulses in addi-

tion to light entrain the circadian clock, but light was the 

most efficient time cue under the experimental conditions 

chosen. The rhythm continues if the cultures are transferred 

to LL or DD conditions, but as in other diurnal (i.e., day 

active versus nocturnal) organisms, the circadian period is 

shorter at higher light intensities and longer under lower 

intensities (25 h in DD, 22.6 h in LL, Aoki et al. 1997; Kondo 

et al. 1993).
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Light phase shifts the rhythm (Golden et al. 2007), and a 

preliminary action spectrum has been determined (Inouye 

et al. 1998). It resembles the absorption spectrum of chloro-

phyll, indicating that photosynthesis in the thylakoids is 

responsible for the entrainment and phase shifting of the 

rhythm. At least, no other photoreceptor as an essential input 

pathway has been found in screens for phase-resetting mutants, 

although seven blue-light candidates have been predicted 

(Mackey et al. 2009). Instead, the phase of the clock seems to 

depend directly on the energy state of the cell, and the meta-

bolic changes (caused by light) synchronize the clock (Mackey 

et al. 2011). This was tested by changing the ATP/(ADP + 

ATP) ratio in an oscillating in vitro system consisting of KaiA, 

KaiB, and KaiC. The metabolic effects of darkness were simu-

lated by adding ADP to reduce the ratio of ATP/(ADP + ATP). 

To simulate the return to light, pyruvate kinase was added to 

convert the ADP to ATP. Phase shifts in the phosphorylation 

rhythm resulted, and the phase response curve obtained 

in vitro was similar to the one in vivo (Rust et al. 2011). A 

model by Rust et al. (2007) mimicked the phase response 

curve obtained from in vitro experiments. There seems to be a 

direct sensing of the electron flow by electron carriers of pho-

tosynthesis and respiration which synchronize the clock by 

affecting the ATP/ADP ratio and the oxidative state of the 

plastochinon pool (see Fig. 18.3 and its legend).

The clock mechanism has been studied intensively, and 

the results are reviewed in a number of papers, such as 

Johnson et al. (2011), Mackey et al. (2011), Dong et al. 

(2010a), Loza-Correa et al. (2010), Taniguchi et al. (2010), 

Brunner et al. (2008), and Iwasaki and Kondo (2004). In the 

following we will briefly sketch it and its properties and the 

inputs and outputs.

The circadian system of cyanobacteria was supposed to 

consist of a negative feedback loop where the products of a 

gene cluster of three open reading frames KaiA, KaiB, and 

KaiC influence the transcription of their genes (Ishiura et al. 

1998). It turned out, however, that these Kai proteins form a 

basic timing process of the circadian clock which, in contrast 

to the circadian clock mechanisms in eukaryotic organisms, 

persists even without transcription and translation (Nakajima 

et al. 2005).

The properties of the circadian rhythm are not ascribed to 

the Kai promoters, but to the Kai proteins. Specific regula-

tion of the KaiBC promoter is not essential for the oscilla-

tion; even an Escherichia coli-derived promoter could do, 

provided the promoter supports sufficient RNA polymerase 

activity. A functional clock can be assembled from the KaiA, 

KaiB, and KaiC proteins in the presence of ATP in a test tube 

and exhibit its regular circadian period without damping for 

at least three cycles autonomously. The in vitro rhythm is 

furthermore temperature compensated, and it reflects the 

period if proteins from mutations affecting period length are 

used. The in vivo phase-resetting effect of light can be mim-

icked in vitro by adding ATP. The KaiABC clock has been 

studied biochemically, biophysically, and structurally 

(Murayama et al. 2011; Johnson et al. 2011).

How this protein clockworks is depicted in Fig. 18.3, 

which has been simplified by concentrating on the mecha-

nisms which are used for the light entrainment of the clock 

(Kim et al. 2012). For details of the KaiC loop and its phos-

phorylation and dephosphorylation, see Qin et al. (2010). The 

players are the KaiC, KaiB, and KaiA proteins. KaiC consists 

of six monomers of two duplicated domains, CI (=N-terminal 

ring) and CII (=C-terminal ring). They form a homohexamer, 

which can be observed under the electron microscope (Mori 

et al. 2002). Twelve ATP molecules bound between its N- and 

C-terminal domains. Both domains possess ATPase activity, 

and the interfaces between CII domains are sites of phos-

photransferase activities (Egli et al. 2012). KaiA enhances 

phosphorylation of KaiC, and KaiB inhibits it. The histidine 

kinase SasA interacts with KaiC and is necessary for a robust 

circadian rhythm (Iwasaki et al. 2000). KaiC contains two 

ATP-/GTP-binding domains which play an important role in 

the rhythm generation (Nishiwaki et al. 2000).

KaiC phosphorylation is the molecular timer for the circa-

dian rhythm in Synechococcus. The energy consumed per 

day amounts to 15 ATPs only (net, the absolute numbers of 

ATP molecules hydrolyzed and synthesized over the daily 

cycle are unknown). The period is mainly determined by the 

KaiC, since period mutations (ranging from 14 to 60 h 

(Kondo et al. 1994)) consist of single amino acid substitu-

tions in the KaiC protein.

How this chemical clock could work has been discussed 

by Naef (2005), and models have been proposed by Kurosawa 

et al. (2006). Since no distinct phase element was found, the 

question is, how this timing mechanism enables global circa-

dian gene expression. Apparently, the clock regulates the 

compaction (condensation or super-coiling status) of the 

chromosome and in this way controls the access to promoter 

elements and expression of genes globally, leading to circa-

dian oscillation in many parts of metabolism and physiology 

(Woelfle and Johnson 2006; Cervený and Nedbal 2009; 

Nakahira et al. 2004; Smith and Williams 2006; Mackey et al. 

2011) and this has been modeled (e.g., Miyoshi et al. 2007). 

There are at least two classes of clock-regulated genes: about 

80 % of the assayed promoters are active during the day with 

a maximum near the end of day. In the smaller group expres-

sion has an opposite phase and is maximal at dawn and at 

night when the chromosome is compacted and minimal at 

dusk. These genes may encode, for instance, oxygen- sensitive 

enzymes, and they perform best at night, when photosynthe-

sis is absent. Chromosome dynamics or DNA topology may 

thus be phase determining (Min et al. 2004). The global mod-

ulation of promoter activity as a result of circadian changes in 

the topology of chromosomes was termed oscillating nucle-

oid or oscilloid model (Woelfle et al. 2004).
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This simple protein clock explains, also, why and how a 

circadian timing mechanism can function in cyanobacteria 

with generation times of 8 h or less (Kondo et al. 1997) and 

how division can still be gated by the circadian clock (Mori 

et al. 1996).

Using a bacterial luciferase gene as a reporter of clock- 

regulated promoter activity allowed continuous video 

recording of the amount of emitted light from many clones 

on a medium in Petri dishes (Kondo et al. 1993). First, the 

promoter for the psbAI gene (one of three psbA genes 

encoding a critical photosystem II reaction center protein, 

D1) was found to be controlled by the circadian clock. 

Then it was discovered that virtually all promoters in the 

genome are regulated by the circadian system. Most of 

them are activated during subjective day; some, such as 

the purF promoter (purF synthesis), are activated during 

the night. Division is also controlled by the circadian 

clock, even if occurring faster than 24 h (Johnson 2010; 

Dong et al. 2010b).

With low-light-level microscopy, the rhythm in single 

Synechococcus cells could be monitored (Mihalcescu et al. 

2004), and recently confocal fluorescence correlation spec-

troscopy was used to study the dynamics of underlying pro-

cesses (Goda et al. 2012).
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Fig. 18.3 Model of the circadian clock of the cyanobacterium 

Synechococcus elongatus (inset, kindly supplied by Kondo: A cell). 

The hexameric KaiC protein (KaiC6m, red) consists of 6 monomeric 

KaiC proteins (KaiC1m with N- and C-terminal domains at very right) 

and undergoes during the course of a day (thick green arrows, night and 

day indicated by N and D in black circle) conformational changes (top 

and right, condensed as indicated by small dashed ovals; bottom, 

relaxed with wider dashed ovals, both with double-headed arrow indi-

cating the width). The cycling of this loop is governed by Mg-ATP 

phosphorylation during the day due to the KaiA protein (green struc-

ture; genes in italics). Mg-ATP competes with the hexameric KaiB 

(KaiB4m, brown circles) for KaiC. Later the phosphorylated (P’s) KaiC 

becomes dephosphorylated, and the KaiB and KaiA are dissociated by 

mid-morning (relaxed conformation). Still later, under the influence of 

KaiA, assembly begins again and a new cycle starts. A rhythmic output 

(~bottom right, upper black arrow) pathway transduces temporal infor-

mation from the oscillator to the genome by switching the coiling struc-

ture of the chromosome DNA (blue waves) from supercoiled (top, day) 

to relaxed (bottom, night): this affects metabolism via high and low 

amplitude expressing genes. There is furthermore an increase (→) in 

transcription via SasA and RpaA (~bottom right, lower black arrows). 

Red and blue light (flashes, top left) is absorbed by chlorophyll a in the 

thylakoid membrane (as in the following figures light is an L in a yellow 
circle and its absorption indicated in yellow). The photosynthetic elec-

tron transport and the respiratory electrons determine the plastoquinone 

ratio between the reduced (blue circle Qred) and oxidized (red circle 

Qox) form. Oxidized plastoquinone binds to KaiA (green structure), 

which aggregate (not shown) and degrade (light green oval, broken bor-

der) (After Mutoh et al. (2013), Kim et al. (2012), Mackey et al. (2011), 

Johnson et al. (2011), Qin et al. (2010))
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How are all the outputs mentioned coupled to the circa-

dian clock? The temporal information is transmitted from 

the Kai oscillator to RpaA via the SasA-dependent positive 

pathway. A further pathway is the LabA-dependent negative 

pathway. It is responsible for feedback regulation of 

KaiC. However, the labA/sasA double mutant has still a cir-

cadian kaiBC expression rhythm. That indicates a third cir-

cadian output pathway, which is CikA dependent. It acts as a 

negative regulator of kaiBC expression independent of the 

LabA-dependent pathway. The labA/sasA/cikA triple mutant 

is almost arrhythmic, in spite of a preserved circadian KaiC 

phosphorylation rhythm. A model was proposed in which 

temporal information from the Kai oscillator is transmitted 

to gene expression through these three separate output path-

ways (Taniguchi et al. 2010).

18.3  Algal Clocks: From Simple to Complex

Circadian rhythms are also found in eukaryotic algae such as 

Euglena (Mittag 2001), Chlamydomonas (Schulze et al. 

2010), Acetabularia (Yang and de Groot 1992), and 

Lingulodinium (Wagner et al. 2005). As an example, we will 

select an extreme, the smallest known, eukaryote Ostreococcus 
tauri and mention additionally the more complicated and 30 

times larger Chlamydomonas.

Ostreococcus tauri belongs to the Chlorophyta (class 

Prasinophyceae) and was discovered in 1994 in the pico-

plankton of the Thau lagoon in Southern France by Courties 

and Chretiennot-Dinet (1994). The coccoid cells are hap-

lonts, only about 1 μm small, and the ultrastructure is very 

simple: they lack a cell wall and contain only a single chlo-

roplast, mitochondrion, and Golgi body besides the nucleus. 

Other Ostreococcus species live in many oceanic regions. 

High-light and low-light adapted ecotypes of Ostreococcus 

in the Pacific Ocean and the subtropical and tropical North 

Atlantic have been described by Demir-Hilton et al. (2011). 

In the marine environment the long wavelengths are absorbed 

within the first meters of the water. Therefore, specific blue- 

light receptors such as aureochromes are used to absorb the 

short wavelengths (Djouani-Tahri et al. 2011a).

The genome has been completely sequenced and anno-

tated (which means that after identification of the elements 

on the genome, biological information has attached to the 

sequences). For further information, see also link [http://

www.geneontology.org/GO.evidence.shtml||geneontology] 

and Corellou et al. (2009). It is tiny (13 Mb) and about 20 

chromosomes are densely packed (Grimsley et al. 2010; 

Keeling 2007) containing only ~8,000 genes. A genome- 

wide analysis of gene expression was conducted under LD 

conditions by Monnier et al. (2010) and showed that almost 

all were rhythmic. Transcriptional regulation of the main 

processes in the nucleus and the organelles, such as DNA 

replication, mitosis, and photosynthesis, was found to a high 

extent. Genes involved in handling oxidative stress and DNA 

repair allow Ostreococcus tauri to grow under a wide range 

of light intensities.

Ostreococcus can be manipulated and propagated easily. 

Transcriptional and translational luciferase reporter lines are 

available and allow to record the expression of individual 

clock genes in vivo and to differentiate between effects on 

transcriptional and posttranscriptional processes (Djouani- 

Tahri et al. 2011b; Corellou et al. 2009).

Work by Thommen et al. (2010) and Corellou et al. 

(2009) suggests that its circadian clock is a simplified 

Arabidopsis clock (see Sect. 18.4.1 and Fig. 18.5). Models 

with only one feedback loop were proposed by Pfeuty et al. 

(2012) and Troein et al. (2011) to describe the Ostreococcus 

clock (see Fig. 18.4). The reason for using such a simple 

model is the finding that this alga possesses only two of the 

clock genes known in land plants such as Arabidopsis thali-
ana (which expresses five homologues of TOC1 and eight 

of CCA1; see Fig. 18.5). The model is based on a negative 

transcriptional feedback loop between TOC1and CCA1. 

The time delay is brought about by the timing of the expres-

sion of TOC1 and CCA1. CCA1 represses TOC1 expres-

sion during most of the day except during a couple of h 

before dusk by binding to an evening element sequence 

(EE) in the TOC1 promoter (Morant et al. 2010). It after-

ward induces CCA1 transcription, so that CCA1 is 

expressed in the night and early morning (Corellou et al. 

2009; Harmer et al. 2000).

With this model light responses like those resulting from 

changing the light period from 2 to 22 h in a 24 h day, or 

skeleton photoperiods (a short light pulse at the beginning 

and at the end simulates the LD period; see Pittendrigh 

1964), have been successfully simulated (Troein et al. 2011; 

Thommen et al. 2012).

The Ostreococcus clock is insensitive to fluctuations in 

light intensities (clouds, different depths in the water). This 

is due to the phase response curve (see Sect. 18.1.5), which 

possesses a broad dead zone in which light does not shift the 

phase of the rhythm. Only when light hits the oscillator out-

side the dead zone, it is sensed and re-entrains the oscillator. 

While synchronized with the LD cycle, the oscillator is blind 

to light. The light intensities might fluctuate considerably 

without affecting the clock (Pfeuty et al. 2012).

In Ostreococcus tauri a histidine kinase LOV-HK was 

found as a new class of eukaryotic blue-light receptor 

(Djouani-Tahri et al. 2011a). It is related to the large family 

of LOV-histidine kinases found in prokaryotes. It senses blue 

light and is under circadian control. But it is also important 
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for the function of the circadian clock under blue light inde-

pendent of its blue-light-sensing property. Another histidine 

kinase, rhodopsin-HK (Rhod-HK), probably senses longer 

wavelengths than LOV-HK (Pfeuty et al. 2012). Using long- 

and short-wavelength photoreceptors (see Fig. 18.4) allows 

the cells to discriminate light variations due to depth changes 

from those due to the day/night cycling.

Cryptochromes are further blue-light receptors in 

Ostreococcus. Five genes of the Cry/photolyase family 

(CPF) were identified by Heijde et al. (2010). All five CPF 

members are regulated by light, and CPF1 and CPF2 display 

photolyase activity. CPF1 is furthermore involved in the 

maintenance of the Ostreococcus circadian clock.

The molecular basis of light-dependent control of cell 

division in Ostreococcus was studied by Moulager et al. 

(2010, 2007). They found that the clock regulates directly 

cell division independently of the metabolism. The transcrip-

tion of the main cell cycle genes such as cyclins and kinases 

was under circadian control.

Studies by van Ooijen et al. (2011) and O’Neill et al. 

(2011) in animals and plants revealed that posttranslational 

events such as rhythmic protein modifications are also 

involved in circadian timing. Non-transcriptional mecha-

nisms are able to sustain circadian timing in Ostreococcus, 

although normally it functions together with transcriptional 

components. Targeted protein degradation in the circadian 

mechanism seems to play a central role. It was proposed that 

the oldest oscillator components are non-transcriptional, as 

in cyanobacteria, and conserved across the plant and animal 

kingdoms.

Another much studied unicellular green alga is 

Chlamydomonas reinhardtii (Chlorophyta > Chlorophyceae 

> Volvocales > Chlamydomonadaceae). It is of 14–22 μm 

size and found worldwide in freshwater but also in the soil. It 

is used as a model organism for molecular biology; for stud-

ies of flagellar motility, chloroplast dynamics, biogenesis, 

and genetics; and also for its circadian clock. Phototactic 

movement (swimming towards light) is driven by the flagel-

lae and controlled by a circadian clock (Bruce 1972; Gaskill 

et al. 2010). This clock furthermore controls UV sensitivity 

(Nikaido and Johnson 2000), chemotaxis (Byrne et al. 1992), 

adherence to glass, cell division (Goto and Johnson 1995; 

Bruce 1970), and starch and nitrogen metabolism. The period 

length is temperature compensated, as in all circadian 

rhythms.

Light pulses with a certain fluence rate and wavelength at 

the breakpoint between delay shifts and advance shifts 

reduce the amplitude of the rhythm to such a degree that the 

clock stops its oscillation and reaches a “singularity.” The 

results are interpreted in the context of limit cycle models of 

circadian clocks and are used to suggest new strategies for 

measuring action spectra of light-induced clock resetting 

(Johnson et al. 1992).

The phase-shifting effect of light pulses was studied by 

Johnson et al. (1991) and Kondo et al. (1991). Blue and red 

light resets the circadian clock. PHY homologues of higher 
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L TOC1

TOC1

CCA1

TTFL
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1μm

Fig. 18.4 Ostreococcus tauri cell (inset) and molecular model of its 

circadian clock and light inputs. The clock consists of a negative tran-

scriptional/translational feedback loop (TTFL) between TOC1 and 

CCA1. Transcription and translation of TOC1 (green oval) activates 

(thick green arrows) transcription of the CCA1 protein which represses 

(thick red – I) TOC1 expression. CCA1 is degraded by proteasomes 

(red oval, broken border) with a maximum during the day. Degradation 

of TOC1 (green oval, broken border) by proteasomes peaks in the dark 

and is diurnally regulated. This transcription/translation feedback loop 

(TTFL, thick arrows/lines) drives a posttranslational circadian feedback 

loop (PTFL, ring of differently colored arrows, mechanism unknown) 

and an output of it is seen in the circadian rhythm of the redox state of 

peroxiredoxin (PRX, not shown). Normally the TTFL and PTFL are 

coupled, but in DD transcription ceases and the TTFL stops. However, 

the PRX rhythm persists, because it is driven by the PTFL. Long- (red 
flash) and short-wavelength (blue flash) light (L in yellow circle) are 

absorbed by a rhodopsin histidine kinase (Rhod-HK, oval), respec-

tively, LOV histidine kinase (LOV-HK, oval) and affect via histidine 

phosphotransfer (HPT) TOC1. There is furthermore a feedback (yellow 
arrows) from the TTFL to the photoreceptors (After Pfeuty et al. 

(2012), McClung (2011) and Troein et al. (2011). Inset courtesy of 

François-Yves Bouget and Marc Lefranc)
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plants are not present, but homologues of cyanobacterial 

PHY (CHLAMYOPSIN5 and MIXED LINEAGE PROTEIN 

KINASE) and the cyanobacterial kinase CikA and two CRYs 

with significant homology to the CRYs from plants and ani-

mals were found (Mittag et al. 2005). Whether photoreceptor 

proteins ChR-1 and ChR-2 in the eyespot of Chlamydomonas 
reinhardtii at the outer chloroplast envelope are involved in 

the phase shift is not known (Hegemann 2008).

The genome of Chlamydomonas reinhardtii is entirely 

sequenced (Matsuo and Ishiura 2011). Subproteome and 

phosphoproteome analysis were and are used for finding 

photoreceptors (Boesger et al. 2009). Much work is devoted 

to the clock network and to clarify how clock-related factors 

are interconnected. System biology approaches are used for 

this means, metabalance (May et al. 2009; Manichaikul et al. 

2009) and functional proteomics (Wagner and Mittag 2009). 

Based on elementary flux mode analysis, Schäuble et al. 

(2011) combined sequence information with metabolic path-

way analysis and included circadian regulation. They are 

able to predict changes in the metabolic state and hypothe-

size on the physiological role of circadian control in nitrogen 

metabolism. Review articles of the circadian rhythm of 

Chlamydomonas are by Schulze et al. (2010), Brunner et al. 

(2008), Mittag and Wagner (2003), Werner (2002), Suzuki 

and Johnson (2002), and Mittag (2001), and for modeling the 

Chlamydomonas clock, see Jacobshagen et al. (2008), 

Matsuo and Ishiura (2011), and Breton and Kay (2006).

The germination efficiency of zygospores of 

Chlamydomonas reinhardtii depends on the photoperiod and 

is higher in long days and lower in short days (Mittag et al. 

2005; Suzuki and Johnson 2002). A CO homologous gene 

(see Sect. 18.4.3) is influenced by day length and by the cir-

cadian clock, being more expressed in short photoperiods. 

Under these conditions algae accumulate more starch and 

express genes which coordinate cell growth and division 

(Romero and Valverde 2009). CO orthologs might represent 

ancient regulators of photoperiodic events. They arose early 

in the evolutionary lineage leading to flowering plants 

(Serrano et al. 2009).

18.4  Light Effects on Circadian Clocks 
in Plants: Arabidopsis

To grow and develop successfully, it is essential for plants to 

synchronize metabolism and physiology with the environ-

ment and the seasonal changes. Quite a number of plants can 

also synchronize the opening of their petals with the activity 

of visiting insects such as bees and butterflies, which in 1751 

led Linnaeus to construct a flower clock: various plants are 

planted as a kind of clock circle in a round garden bed in 

such a way that their flowers open or close at the correspond-

ing day- and nighttime. A circadian clock is often  responsible 

for it, and this clock allows also to measure day length to 

anticipate changes in the surrounding, be it daily or seasonal 

ones. In both cases, light signals are the main pathways to 

transfer these transitions to the plant.

Many processes in plants are directly affected by light 

such as photosynthesis (Chaps. 16 and 17), photomorpho-

genesis, and photoperiodism (Chap. 19) and stomatal move-

ments. The biological clock processes do not immediately 

show their light dependence but are synchronizing the plants 

to the external light program and its period (or rhythm). In 

general, multiple photoreceptors sense the quality and quan-

tity of light in the environment (Chaps. 12, 13, and 14). Red 

light is sensed by phytochromes (PHYs), blue light by cryp-

tochromes (CRYs) and ZTL of the ZTL family (ZTL and 

FKF1). Furthermore phototropins (absorbing in the UV- 

A/blue, Heijde and Ulm 2012) and UVR8 absorbing in UV-B 

(Rizzini et al. 2011) are used by plants. This system of differ-

ent photoreceptors with partially antagonistic functions and 

overlapping action spectra detects radiation of different 

wavelengths over a wide spectral range. The PHY and 

CRY photoreceptors interact with each other and respond at 

different expression levels and localizations, allowing a 

 simultaneous response to two or more environmental param-

eters (van Zanten et al. 2012; Kami et al. 2010).

Arabidopsis thaliana plants are well suited for studying 

the influence of light on circadian clocks, since many bio-

chemical, physiological, and developmental events are under 

their control. Furthermore, numerous mutants are known, 

among them quite a number which affect the clockwork, 

clock inputs, and clock outputs. Besides mutants in which 

the function of the photoreceptors is affected, others are 

known, in which the transfer of the light-induced signals is 

changed (Strasser et al. 2010; Yanovsky et al. 2001).

For continuous recording it has been of much advantage 

to use a construct of the firefly luciferase gene with a pro-

moter of the cab2 gene which is under control of the circa-

dian clock. The method allows monitoring of circadian 

rhythms in whole plants but also in different tissues of the 

plant by recording the bioluminescence with a sensitive cam-

era. It also makes screening of mutations in the clock easy by 

looking for aberrant temporal patterns of luciferase expres-

sion (Millar et al. 1995).

Plants contain circadian clocks in each cell. The clock 

components consist of interwoven feedback loops, outputs to 

the clock-controlled genes and driven processes, and inputs 

from the synchronizing time cues such as light (Fig. 18.5 and 

Sect. 18.4.1). In addition, posttranscriptional and posttrans-

lational events contribute to the generation and maintenance 

of the rhythms (McWatters and Devlin 2011; Harmer 2009). 

Multiple photoreceptors are used by the plants to synchro-

nize the circadian clock. The transduction pathways from 

light perception to the clock are apparently quite closely 

linked to the clock mechanism.
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Whereas in animals a hierarchy of clock units with 

 circadian centers is the rule, in plants cellular circadian 

clocks run autonomously in the different tissues and organs 

and are synchronized by the LD environment. Plant hor-

mones might coordinate these local clocks. More details will 

be presented in Sect. 18.4.2.

Temperature compensation and the mechanism, by which 

the circadian clock of Arabidopsis avoids changes in period 

length under different environmental temperatures, has been 

discussed by Troncoso-Ponce and Mas (2012), Salomé et al. 

(2010), and Portolés and Más (2010); see also Hatakeyama 

and Kaneko (2012), Bodenstein et al. (2011), and Eckardt 

(2010).

18.4.1  Clock Mechanism 
and Clock-Controlled Genes

The Arabidopsis clock is a multi-feedback system with vari-

ous coupled loops, which receives external inputs such as 

light and dark signals and possesses output pathways to con-

trol transcription, translation, and many physiological and 

metabolic processes in the plant. The interlocked loops are 

thought to make the clock more robust, more accurate, and 

less affected by disturbances of the environment but allow 

also more flexible inputs in different climates (Harmer 2009; 

Michael et al. 2003). Figure 18.5 shows a model of the clock 

(Pokhilko et al. 2012; Lu et al. 2011; Nakamichi 2011) 

including light inputs (Kolmos et al. 2011; Kim et al. 2007). 

From the various outputs of the clock (Kami et al. 2010), 

only the pathway to flowering and hypocotyl growth are 

indicated (Lu et al. 2012; Kunihiro et al. 2010).

The central loop consists of the clock genes CCA1 and 

LHY and their products CCA1 and LHY and the clock gene 

TOC1 and its product TOC1, a DNA-binding transcription 

factor. CCA1 and LHY are expressed with peaks shortly 

after dawn and repress TOC1 expression by binding to the 

evening element in its promoter. This is the morning oscilla-

tor. TOC1 is a DNA-binding transcription factor which peaks 

at dusk (Gendron et al. 2012). It represses (not activates, as 

shown by Pokhilko et al. 2012) CCA1 and LHY.

The ELF3, ELF4, and LUX genes and their products 

ELF3, ELF4, and LUX, forming the evening complex EC, 

regulate clock gene expression at night. LUX binds directly 

to the promoters of the target genes CCA1 and LHY, but 

ELF3 and ELF4 proteins are important for the function of 

the EC complex. The CCA1 and LHY proteins inhibit the 

expression of the ELF3, ELF4, and LUX genes thus closing 

the loop (Chow et al. 2012; Herrero et al. 2012; Nakamichi 

et al. 2012; Troncoso-Ponce and Mas 2012).

In a third loop, EC is also connected to the morning genes 

PRR7 and PRR9 by repressing them. PRR7 and PRR9 inhibit 

the expression of CCA1 and LHY by binding to their promot-

ers. CCA1 and LHY in turn regulate PRR7 and PRR9 

positively.

In a fourth loop, GI induces TOC1 in the evening and is 

negatively regulated by TOC1, CCA1, and LHY. TOC1 is 

rhythmically and light dependent degraded by combining 

with GI and ZTL, and ZTL serves as a light receptor. There 

is also a dark-dependent protein degradation (Adams and 

Carré 2011).

A fifth loop was proposed based on the finding that about 

90 % of the transcripts of Arabidopsis do cycle. This large 

number is supposed to be due to a dynamic chromatin remod-

eling by the circadian clock via jumonji C (JmjC), a domain- 

containing protein, acting as histone demethylase (Lu and 

Tobin 2011).

The various clock genes, their products, and their interac-

tions are studied intensively, and a final model has not yet 

been gained. Furthermore, the molecular composition of cir-

cadian clocks can differ between various cell and organ 

types. Thus, PRR3 modulates TOC1 stability in vasculature 

cell types, but not in others; CCA1 and LHY are not able to 

inhibit TOC1 expression in dark-grown roots (further exam-

ples in Harmer 2010; Hotta et al. 2008).

A circadian clock provides evolutionary advantage by 

increasing fitness and adaptation. This is shown in 

Arabidopsis thaliana plants which are arrhythmic (by over-

expressing CCA1) by a reduced viability under extreme 

short days (Green et al. 2002) and a higher susceptibility to 

pathogen infections (Wang et al. 2011). Furthermore, the ztl 
mutant with a longer period and the toc1 mutant with a 

shorter period than the wild type contain more chlorophyll 

and produce more carbohydrates and biomass when grown 

under LD matching the length of their circadian period 

(Dodd et al. 2005).

18.4.2  Light as the Main Time Cue 
of the Circadian Clock

Whereas photoreceptors and the light-regulated responses 

including gene expression have been intensively studied, the 

signal transduction components are much less known. A 

large number of signaling components must exist, which are 

affected by external and internal factors. Both genetical and 

biochemical approaches are used to clarify these transduc-

tion pathways and modes.

Light is the most important time cue for synchronizing the 

circadian clock of Arabidopsis with the environmental 24 h 

day. The phase of the clock can be shifted by applying short 

light pulses in plants kept under constant conditions. The 

rhythm is delayed, if the light is applied in the first part of the 

subjective night, and is advanced, if the light is applied in 

the second part. The phase shifts can be plotted as a phase 

response curve (Covington et al. 2001). In a similar way, LD 
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cycles synchronize the clock by phase shifting. Red and blue 

light are most effective, suggesting that PHY and CRY photo-

receptors are involved, as indicated by the flashes in Fig. 18.5.

In addition to resetting the phase, light modulates also the 

period of the clock. Under LL conditions, but not under DD, 

phy and cry mutants have a longer period. This indicates that 

they are within the light input pathway and not part of the 

central oscillator itself. Otherwise the longer period should 

also show up under DD. The same applies for mutations in 

PRR7 and PRR9, where only LL causes a long period, appar-

ently by affecting pathways. However, the ztl mutant has a 

longer period both under LL and DD, which suggests that 

ZTL plays a role within the central clock. Phototropin1 

mutants do not affect the circadian rhythm.

Light signals can also entrain or reset the circadian clock 

at several points at the transcriptional, posttranscriptional, 

and posttranslational levels in the various clock loops by 

affecting the expression, activity, stability, or localization of 

oscillator components (Kozma-Bognár and Káldi 2008). 

Transcription of the clock genes LHY, CCA1, PRR7, PRR9, 

and GI is upregulated by red, far-red, and blue light. However, 

the corresponding mRNAs of LHY and CCA1 are degraded 
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Fig. 18.5 Arabidopsis clock and light resetting: Red light (red flash) is 

absorbed by PHY, and PIF3 links the light signal to the transcription 

factors CCA1 (red oval) and LHY (red oval). Blue light (blue flash) is 

absorbed by CRY1 and CRY2, which interact with CCA1 and LHY. In 

the photoperiodic induction of flowering (right part of figure), blue light 

is absorbed by FKF1 which, together with GI, degrades CDF1 thereby 

releasing under long day conditions the inhibiting effect of CO. Long 

days are recognized by a coincidence mechanism based on clock regu-

lation and leads to the formation of the flower hormone FT and flower-

ing. Another clock output, the regulation of the hypocotyl growth via 

the evening complex EC and its inhibition of the PIF4 and 5 transcrip-

tion is shown at bottom right. Central loop (thick green arrows and thick 
red – I) consists of clock genes CCA1 and LHY (black boxes with 

dented arrows, TAIR nomenclature for Arabidopsis), their products 

CCA1 and LHY (red – I), and the clock gene TOC1 and its product 

TOC1 (green oval). TOC1 represses (thick red a) CCA1 and LHY. The 

products (small green ovals) of ELF3, ELF4, and LUX form the evening 

complex EC and are the major elements of the evening loop. In a third 

loop EC represses the morning genes PRR7 and PRR9 (red ovals). 

Their products PRR7 and PRR9 inhibit the expression of CCA1 and 

LHY, and they regulate PRR7 and PRR9 positively. In a fourth loop GI 

(small green oval) induces TOC1 in the evening and is negatively regu-

lated by TOC1, CCA1, and LHY. A fifth loop links the circadian clock 

to the dynamic chromatin remodeling via JMT30 (not shown). Inset 

shows an Arabidopsis thaliana plant exposed at two different times in a 

space experiment (Johnsson et al. 2009) (After Brown et al. (2012), 

Pokhilko et al. (2012), Sawa et al. (2007))
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by light. In this way timing and entrainment are improved 

(Jones 2009; Yakir et al. 2007). Translation of LHY is 

induced by light, and its level depends on the available 

mRNA, which peaks at dawn. Cyclic removal of clock pro-

teins is crucial for oscillator function, as mentioned before. 

Thus, proteolysis plays an important role and preferentially 

takes place in the dark. TOC1 degradation is controlled by 

the F-box protein ZTL, which binds to it light independent, 

but the degradation rate is increased in the dark. The mecha-

nism of GI degradation is still unclear.

Which intermediate factors link these photoreceptors 

with the circadian components and how they do it is not well 

understood. For instance, the TOC1 protein in the first FBL 

is stabilized by light and degraded in darkness by an ubiqui-

tin ligase complex, which is regulated by PRR3 and GI. The 

accumulation of ZTL over the day decreases TOC1 protein 

levels at the onset of night and increases the robustness of the 

transcriptional feedback loops of TOC1. Likewise, PRR5 

protein accumulates in the evening before it is degraded by 

ZTL. It is suggested that PRR5, TOC1, GI, and ZTL form a 

functional unit in the evening loop (see Fig. 18.5, Harmer 

2010; Jones 2009). Other candidates for light inputs are 

ELF3 and ELF4 in one of the feedback loops.

Many questions concerning the Arabidopsis clock and 

how it interacts with light are still open. For instance, most 

components of the clock act in the nucleus as transcriptional 

regulators and are together with light-signaling proteins co- 

localized in nuclear foci (figure 4 in Herrero and Davis 2012) 

generating rhythmic transcript accumulation. Further infor-

mation and references can be found in Jones (2009) and 

Harmer (2010).

Output of the circadian system affects gene expressions, 

but gene expression is also directly affected by light and not 

only via the clock (immediate light effects). The clock output 

can furthermore gate the light input according to the phase of 

the clock by, e.g., affecting the phy and cry genes at the level 

of transcription (Toth et al. 2001) or by other types of rhyth-

mic regulation such as the regulation of leaf position. This 

feature has been termed “Zeitnehmer” (German for time 

taker, in contrast to “zeitgeber,” time giver or time cue).

Under natural conditions the changing day lengths during 

the course of the year has to be taken into account. That is, 

neither dawn nor dusk drive the rhythm, but at least two sig-

nals must be used. For more information see Chap. 19 and 

Sect. 18.4.3.

Non-photic time cues are also used by the plant. 

Temperature cycles entrain the clock. Imbibition of 

Arabidopsis seeds sets a circadian clock which is insensitive 

to light during the first 60 h. From the 36th hour onward, light 

initiates a second rhythm which runs independently of the 

imbibition rhythm (i.e., the output, namely, CAB2 and CAT2, 

shows the two rhythms superimposed). Light applied after the 

60th hour synchronizes the two rhythms (Kolar et al. 1998).

18.4.3  Photoperiodism

Many plants use the seasonal change in day length as a signal 

for growth (Niwa et al. 2009) and flowering (Millar 1999). In 

contrast to the effect of light on the circadian clock of 

Arabidopsis, the mechanism of photoperiodic induction of 

flowering in this plant is known in considerable detail 

(Srikanth and Schmid 2011; Amasino 2010; Imaizumi 2010; 

de Montaigu et al. 2010; Michaels 2009).

Plants measure day length in the leaves by a circadian 

clock. Depending on the type (long-day, short-day, long-

short- day, short-long-day plant), the photoperiodic effect 

occurs under long days; short days; first long days, then short 

days; or first short day, then long days, respectively. In this 

way, a developmental switch from the vegetative to the 

reproductive stage is activated.

Day-length sensing in Arabidopsis occurs by an external 

coincidence mechanism, as predicted already in 1936 by 

Bünning (1936). It operates by the circadian and light regu-

lation of CO in the leaves, which under appropriate day 

length induces FT expression, the long-searched florigen 

(see Fig. 18.5). It is transported to the apical meristem in 

the shoot, where it promotes flowering. FT combines at the 

apex with FD, which is present there, but inactive without 

FT. The FT-FD complex initiates reproductive development 

(flower evocation). Flower meristem identity genes are 

activated and flowers are induced according to the ABC 

(DE) model (Litt and Kramer 2010). Both CO and FT 

expressions are  controlled by a group of transcription fac-

tors with overlapping functions (Lu et al. 2012; Imaizumi 

2010).

A further prerequisite for flowering of some plants is ver-
nalization, by which a prolonged cold period results in meri-

stem competence to flower through the epigenetic repression 

of the floral repressor FLOWERING LOCUS C (Michaels 

2009).

The CO-FT interaction is conserved among plants 

(Srikanth and Schmid 2011). The photoperiodic responses 

are conferred by the same genetic pathway in the long-day 

plant Arabidopsis thaliana and the short-day plant rice Oryza 
sativa. But the functions differ (Hayama and Coupland 

2003).

18.5  Fungal Clocks and Light Resetting: 
Neurospora

Neurospora crassa (fungi: Ascomycota, Ascomycetes, 

Sordariales, Sordariaceae) was originally thought to be a 

tropical fungus (see page 34) but is nowadays found all 

over the world. It is a model organism for genetic and phys-

iological studies, because it is easy to grow and has a hap-

loid life cycle, which facilitates analysis of genetic 
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recombination. The genome of the seven chromosomes is 

entirely sequenced (43 megabases long, includes approxi-

mately 10,000 genes), and strains of knockouts are avail-

able for most identified genes (see Colot et al. 2006 and 

link: [http://www.fgsc.net/]). A large collection of mutants 

is available and continuously updated (for further informa-

tion see link: [http://www.fgsc.net/2000compendium/

NewCompend.html||Collectionofmutants]). Transformation 

methods are routinely used, and molecular genetics meth-

ods such as the use of an inducible promoter for dosage 

control and RNAi for gene silencing are available (Ziv and 

Yarden 2010). Imaging techniques are applied (Larrondo 

et al. 2012; Castro-Longoria et al. 2010; Gooch et al. 2008) 

including the use of luciferase, GFP, and mCherry. For an 

overview of modern molecular biological approaches used 

in Neurospora studies, see Jinhu and Yi (2010) and Dunlap 

and Loros (2005).

Neurospora crassa was used already since the 1950s for 

studying circadian rhythms (Pittendrigh et al. 1959). The for-

mation of aerial hyphae and asexual macroconidia (genera-

tion cycle in Neurospora; see Springer 1993) is under 

circadian control but manifested in many other functions. 

Rhythmic conidiation shows up in bands which are formed 

while the mycelium grows over the agar surface in “running 

tubes” (see link: http://geiselmed.dartmouth.edu/dunlaplo-

ros/research/media.php). The period and phase shifts can be 

determined simply by using a ruler and time markings at the 

growth front, but more accurate and elaborate imaging meth-

ods are also applied (Hogenesch and Ueda 2011; Dunlap and 

Loros 2005; Morgan et al. 2003).

About 20 % of the genes of Neurospora are clock con-

trolled (Smith et al. 2010). This allows modulation of numer-

ous biochemical and physiological processes in a circadian 

fashion. Pharmacological and genetical approaches have 

been used in order to unravel the circadian system which 

underlies overt rhythms such as conidiation (Lakin-Thomas 

et al. 1990). By the way, in Neurospora cytoplasm and nuclei 

stream through the colony (called syncytium) and the circa-

dian rhythm stays in synchrony.

In the following the circadian system of Neurospora and 

its constituents will be described first (see Sect. 18.5.1 and 

Baker et al. 2012 for a recent review and a historical account, 

further reviews by Lakin-Thomas et al. 2011, Jinhu and Yi 

2010, Brunner and Káldi 2008, de Paula et al. 2007, Dunlap 

et al. 2007, Loros et al. 2007). Thereafter (Sect. 18.5.2) it is 

shown how the circadian system is entrained (Merrow and 

Roenneberg 2007) by temperature (Brunner and Schafmeier 

2006; Diernfellner et al. 2005) and light (Schafmeier and 

Diernfellner 2011; Price-Lloyd et al. 2005; Kozma-Bognár 

and Káldi 2008) and which photoreceptors are used (Chen 

et al. 2010). The outputs of the clock are described 

(Sect. 18.5.3) and finally a photoperiodic reaction of 

Neurospora is briefly mentioned (Sect. 18.5.4).

18.5.1  The Circadian System of Neurospora 
and Models

The circadian system of Neurospora consists of interwoven 

negative and positive feedback loops made up by a compli-

cated interplay of various factors which affect the expression 

and function of the core clock components transcriptionally 

and posttranscriptionally. Phosphorylations and dephosphor-

ylations of clock components ensure the robustness, preci-

sion, and entrainment of the circadian system and account 

for the complexities in rhythmic behavior (Baker et al. 2012; 

Schafmeier and Diernfellner 2011; Lakin-Thomas et al. 

2011), modeling: Tseng et al. (2012).

A transcription-translation oscillator (TTO) has been 

proposed which possesses all the formal properties of a true 

circadian oscillator with light entrainment and temperature 

compensation. The molecular mechanism has been studied 

intensively (review: Vitalini et al. 2010; Dunlap et al. 2007; 

Loros et al. 2007). The gene frq, its mRNA, and product 

FRQ are essential components and belong to a negative limb 

of a feedback loop. In this loop frq expression is inhibited by 

the transcription factor WCC (white color complex). Details 

are given in Fig. 18.6 and a time line of the clock events in 

figure 4 of Baker et al. (2012).

In addition to the FRQ-WCC oscillator, there might be a 

FRQ-less oscillator (FLO) which is independent of FRQ and 

WCC (Lakin-Thomas et al. 2011) and coupled to the feedback 

loop shown in Fig. 18.6. Strains lacking FRQ (frq0) or lacking 

WC-1 (wc0) still exhibit circadian rhythms in a choline- 

requiring strain depleted of choline. The same has been reported 

for nitrate reductase activity under DD or LL conditions. 

Apparently in both cases an FLO is the cause for this nutrition-

ally induced rhythm in the absence of an intact FRQ protein.

Furthermore, a FRQ-less oscillator which requires WC 

(WFLO) but is independent of FRQ was proposed by de 

Paula et al. (2006) and Correa and Bell-Pedersen (2002). 

This oscillator requires WC-1 and WC-2 for activity. The 

WC-1 level is rhythmic in the absence of FRQ, indicating 

that this WFLO generates the rhythm of WC-1. The rhythm 

can be observed under DD and LL conditions. In contrast to 

the FRQ-WCC oscillator, its rhythm is apparently not inhib-

ited by high or low light levels. This oscillator and the FRQ- 

WCC oscillator may interact with each other through their 

common WC proteins.

How to integrate these diverse oscillators that do not fit 

the TTO mechanism? This has been discussed in the context 

of the circadian system by Lakin-Thomas et al. (2011) (see 

their figure 3.2). FLOs might represent more than a dozen 

metabolic oscillators, which are not connected to the circa-

dian system. Or, according to de Paula et al. (2007), there are 

multiple FLOs, which together with the FRQ/WCC oscilla-

tor form a network of coupled oscillators. But individual 

FLOs may drive a particular output. The FLOs may also 
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function upstream or downstream of the FRQ/WCC oscilla-

tor. They need to bypass FRQ/WCC to drive the conidiation 

rhythm and biochemical rhythms when FRQ and WCC are 

disabled (Roenneberg and Merrow 1998). Or a single FLO is 

the central rhythm generator, which is mutually coupled to 

the FRQ/WCC, supplying stability, period control, and 

rhythmic input (Li and Lakin-Thomas 2010).

Brody et al. (2010) proposed that the many conditions and 

mutations leading to FLOs may converge on a pathway that 

includes ROS and the activation of a RAS-cAMP protein 

kinase. A cAMP pathway and metabolic regulation is 

involved also in other organisms (Bass and Takahashi 2010).

These findings suggest that the FRQ/WCC oscillation is 

not independent of the FLOs, which should be taken into 

account with respect to the TTO shown in Fig. 18.6, where 

FLO and WFLO are omitted.

Another question is how typical the molecular composition 

of the Neurospora clock is among the fungi. Whereas WC-1 

and WC-2 are conserved, FRQ is less so, and other proteins 

might replace it as a negative element but work in a similar 

manner (Salichos and Rokas 2010; Dunlap and Loros 2006).

18.5.2  Entrainment and Photoreceptors 
of the Circadian System

The clock components described above can explain the 

molecular bases of the inputs and outputs. Temperature 

changes and light pulses or LD cycles are able to entrain the 

clock. We will concentrate on light but mention briefly tem-

perature effects.

Moderate temperature changes of 1–2 °C are already suf-

ficient for entrainment (Liu et al. 1998). The amount of FRQ 

depends on the phase of the oscillator and on the environ-

mental temperature. Changing temperature corresponds to 

shifts in clock time, because the amount of FRQ is immedi-

ately changed within the clock mechanism.

As is usual in circadian rhythms, the period is only slightly 

dependent on a constant environmental temperature. This 

temperature compensation is valid in Neurospora between 

30 and 36 °C. Many different gene products influence tem-

perature compensation, but frq plays a major role: FRQ sta-

bility is involved, and CK2 by its phosphorylation of 

FRQ. Other kinases and phosphatases of the clockwork are 

not involved (Mehra et al. 2009). The temperature compen-

sation is seen at the posttranslational level and due to the 

ratio and abundance of a small and a large isoform of FRQ, 

which are expressed in a temperature-dependent fashion. At 

lower temperatures (20 °C) the small and large isoforms are 

equal, at higher temperatures (28 °C) more of the large iso-

form as well as more FRQ is present (Diernfellner et al. 

2007).

WC-1 is not only a clock component but also a blue-light 

photoreceptor: it is responsible for all light responses in 

Neurospora. There are three types of light-induced circadian 

responses observed: first, LL suppresses the circadian 

L–adaptation

L–activation

FRQ

FRQP

WC-1

VVD

WC-2

frq

WCI 2

vvd

FWD1

Fig. 18.6 Model of the biochemical and molecular processes of the 

Neurospora clock. The main feedback loop (thick lines) consists of frq 

(black box with dented arrow indicating transcription) which expresses 

FRQ (red oval) in the late night and early morning while activated by a 

WCC transcription factor (consisting of WC-1 and WC-2, yellow 

ovals). This is the positive arm in the feedback loop. In the negative arm 

FRQ dimerizes and forms a complex with FRH (a RNA helicase, not 

shown), which inhibits WCC (thick red – I). From noon to evening 

kinases phosphorylate WCC thereby inactivating it in the early night 

(not shown). In the late night FRQ interacts with ubiquitin ligase 

FWD- 1 (blue oval) and is degraded (light red oval with dashed border) 

in proteasomes. Now the frq promoter can transcribe again being reac-

tivated by newly synthesized WCC. In a second feedback loop (thin 
lines) VVD expressed by vvd inhibits (thin red – I) WCC. This feed-

back loop is responsible for adaptation under longer blue-light exposure 

(L-adaptation). Phase shifting of the circadian rhythm by light pulses 

and other light effects (e.g., carotenoid formation) occur via the blue- 
light receptor WCC (L-activation) (Modified from Brown et al. (2012))
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 modulation of conidiation. Instead, conidia are formed all the 

time. In DD or safelight such as red, conidiation occurs in a 

circadian pattern (period length 22 h). Second, a single brief 

pulse of light applied in DD phase shifts the conidiation 

rhythm either by advancing or by delaying it. An action spec-

trum of light which phase shifts the rhythm shows maximal 

effects at 465 nm (Dharmananda 1980). A light pulse applied 

at late subjective day and early subjective night delays the 

rhythm; a light pulse at late subjective night and early subjec-

tive morning advances the rhythm. Third, LD cycles (or peri-

odic light pulses) entrain the circadian clock. Below it will be 

shown how these effects of light – the rhythm annihilating 

one of LL, the phase shifting one of pulses, and the entraining 

one – are related in terms of molecular events. The light input 

pathways are also well understood.

In contrast to plants, Neurospora is sensitive to the blue 

range only and is blind to light beyond 520 nm. Light acti-

vates hundreds of genomic regions, about 20 % of all genes 

(Schafmeier and Diernfellner 2011; Smith et al. 2010). At 

least 3 % of the genes of Neurospora are light inducible, 

shown by microarray analysis (Lewis et al. 2002). WCC 

 controls the expression of 24 transcription factor genes 

including those of the circadian oscillator.

Blue light induces frq, and wc-1 and wc-2 are required for 

it (the double mutant white color wc-1 and wc-2 is blind for 

light). The light is received by the FAD-associated LOV 

domain of WC-1 and changes its conformation allowing WCC 

to bind to LREs in promoters of immediate light- induced 

genes, i.e., induction begins in no more than 5 min (Lewis 

et al. 2002). The WCC-LRE complex enhances the capacity of 

WCC to activate transcription. Two different WC-1/WC-2 

complexes are formed, a smaller one which binds to LREs in 

the dark and activates frq expression in the dark (and light 

exposure reduces its binding) and a larger one which replaces 

the smaller one after light exposure. The larger one is respon-

sible for the light-induced activation of frq transcription.

This light-induced WC/LRE binding corresponds to the 

light-induced entrainment of the clock and phase resetting 

(Baker et al. 2012; Crosthwaite et al. 1997). Since frq expres-

sion cycles, the effect of light on the oscillator depends on 

the phase: when FRQ levels are low or rising before subjec-

tive dawn, a light pulse increases frq mRNA and advances 

the clock phases with highest frq expression in the later 

morning. If FRQ levels decrease, light will again increase frq 

mRNA, which will now delay the phase.

The blue-light chromophore that mediates binding of the 

larger WCC to frq LREs is FAD (and not FMN, discussed in 

Liu 2003). A mutant in which the LOV domain is removed 

does not show light responses anymore (He et al. 2002) and 

is arrhythmic in LD cycles and in DD. The circadian clock of 

this mutant cannot be entrained by light, but temperature 

cycles do entrain it. Deleting the WC-1 LOV domain has 

thus separated the light and dark function of WC-1.

VVD is another photoreceptor in Neurospora 

(Belozerskaya et al. 2012; Zoltowski et al. 2007). It is not 

essential for clock function, but modulates all its light 

responses. In vvd mutants light-induced gene expression is 

elevated (leading to, e.g., higher carotenoid synthesis and 

giving the mutant a vivid orange color), the phase of the cir-

cadian clock altered, and light adaptation partially lost. 

Furthermore, circadian gating of light induction of gene 

expression is affected in vvd (induction is higher in the sub-

jective morning).

VVD is responsible for photoadaptation in Neurospora by 

reverting the elevated levels of light-induced gene transcrip-

tion within 2–4 h to preinduction levels. In this way 

Neurospora can detect changes in light intensity and not just 

lights on or lights off (Schwerdtfeger 2003). VVD interacts 

in the nucleus with the WC-1 in the WCC and reduces its 

ability to activate transcription. Increasing light yields more 

VVD and stronger inactivation of the newly activated WCC 

(Chen et al. 2010; Hunt et al. 2010). The expression of vvd is 

clock controlled and it gates the input to the clock 

(Zeitnehmer). VVD allows the clock to take phase cues from 

dusk (Elvin et al. 2005), to avoid any WCC induction by 

moonlight (Malzahn et al. 2010), and it contributes to 

 temperature compensation of the clock (Hunt et al. 2007).

There might be further photoreceptors as suggested by the 

genome sequence of Neurospora (Belozerskaya et al. 2012). 

It indicates a putative cry gene, two phy-like genes, and two 

genes of the Archean rhodopsin. Their functions are 

unknown. The finding of Dragovic (2002) that under certain 

circumstances (high light intensities) the conidiation of wc-2 

mutants is still driven by the LDcycle suggests the existence 

of a wc-independent photoreceptor.

18.5.3  Outputs of the Circadian System

How the time information of the clock is used to regulate the 

various metabolic, physiological, and developmental overt 

rhythms in the cell is not yet well understood at the molecu-

lar level (Vitalini et al. 2006). The central clock affects 

numerous genes, which are not part of the clock, but con-

trolled by it (clock-controlled genes, Loros et al. 2007). 

Primary clock-controlled genes are directly regulated by the 

WCC, and secondary clock-controlled genes are further 

downstream from the clock. An additional regulation can 

occur at the mRNA level through message stability rather 

than production (Guo et al. 2010). Chromatin remodeling, 

posttranscriptional, translational, and posttranslational 

mechanisms could provide further control of circadian 

rhythmicity.

Neurospora as a pioneer organism for biochemical inves-

tigations offers much information on metabolic pathways 

(Davis 2000), and chronobiologists take advantage of it by 
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studying the circadian influences (Bass and Takahashi 2010; 

Harrisingh and Nitabach 2008; Hastings et al. 2008). They 

are using a systems biology approach to monitor rhythmicity 

in RNA, proteins, and the metabolism (for transcriptome, 

proteome, and metabolome, see Dong et al. 2008) under dif-

ferent lighting conditions and under specific genetic back-

grounds. Further circadian outputs concern development 

(e.g., cell cycle and conidiation, Correa and Bell-Pedersen 

2002), organelles, transport and signaling pathways (Baker 

et al. 2012), and osmotic stress (Vitalini et al. 2007).

Screens for clock-controlled genes were performed in 

Neurospora crassa and so far over 400 (Dong and Golden 

2008; Correa et al. 2003; for functional categories see table 

1 in Dunlap and Loros 2004) have been found by using dif-

ferent methods (review Bell- Pedersen 2000). They are being 

characterized at the molecular level (Lakin-Thomas et al. 

2011). As much as 25 % of the Neurospora transcriptome is 

under clock control. Most of the ccg expression peaks just 

before dawn, but there are others which show maximal 

expression at other phases of the day (Correa et al. 2003).

If each of the 24 transcription factors regulates about 20 

downstream genes and if WCC directly binds to regulate 

rhythms in about 180 additional morning-specific targets, the 

various phases of all of the known clock-controlled genes 

would be taken care of.

The outputs of the clock can feed back to input pathways, 

as exemplified by the clock-controlled component VVD on 

light input (Elvin et al. 2005). Such output to input loops can 

provide certain time-of-day-specific gates.

18.5.4  Photoperiodism

The circadian system seems to control also photoperiodic prop-

agation and reproduction (conidiation, protoperithecia forma-

tion) of Neurospora crassa (Rémi et al. 2010; Tan et al. 2004; 

Roenneberg and Merrow 2001). Without FRQ photoperiod can-

not be measured, indicating the role of the circadian system in 

the photoperiodic time measurement. The strains of Neurospora 
crassa have been isolated mainly from tropical areas. The sur-

vival vale of photoperiodic reactions in such strains is doubtful. 

However, Jacobson et al. (2004) found strains as far north as 

Alaska. A temporal segregation of asexual and sexual reproduc-

tion with conidiation in March and perithecia in July was 

described by Pandit and Maheshwari (1994).

18.6  How Light Affects Drosophila’s 
Circadian System

We are now coming to animals, which differ fundamentally 

from the examples treated so far. They possess a central ner-

vous system that controls behavior and central circadian 

clocks brain. If light is going to synchronize these clocks, it 

either has to reach the clocks directly in translucent speci-

mens or indirectly via specialized photoreceptor organs or 

via both pathways.

The fruit fly Drosophila is an example of an insect using 

both pathways. It has many advantages as an experimental 

animal such as easy rearing and a short generation time. It is 

well known genetically and a large number of mutants is 

available. Drosophila is amenable to genetic and molecular 

methods. For these and other reasons, this insect was and is 

used also for studying circadian rhythms, especially eclosion 

of the flies out of the puparium (a case produced in the last 

larval stage, in which metamorphosis from the larva to the fly 

takes place) and locomotor activity of the adults. Many 

mutations affecting the circadian clock, the photoreceptors, 

and the photoreception are known. Therefore, the effects of 

light on the circadian system could be studied intensively 

and successfully.

General reviews on the circadian clocks of Drosophila 

(Allada and Chung 2010; Tomioka and Matsumoto 2010), 

their genetics (Hardin 2011), molecular mechanism (Duvall 

and Taghert 2011; Hardin 2011; Weber et al. 2011), and their 

location and neurobiology (Yoshii et al. 2010, 2012; 

Hermann et al. 2012; Rieger et al. 2009) are available. 

Special reviews on the effect of light on the circadian rhythm 

and the pathways to the circadian system are by Peschel and 

Helfrich-Förster (2011), Barth et al. (2010), and Choi and 

Nitabach (2010). The output pathways of Drosophila’s circa-

dian system are reviewed by Tomioka et al. (2012), Helfrich- 

Förster et al. (2011), and Frenkel and Ceriani (2011).

18.6.1  Circadian Eclosion

After completing several larval stages, Drosophila forms a 

puparium in which pupation and metamorphosis into the 

adult stage takes place. Eclosion from the puparium occurs 

under the daily LD cycles in a restricted time window (gate) 

only during the early morning hours. A fly which is not yet 

ready to eclose uses the next gate on the following day. If a 

culture of Drosophila flies is transferred into constant condi-

tions of darkness, eclosion occurs still rhythmically. This 

shows that eclosion in a population of flies is not just the 

response to the onset of light, but under control of a circadian 

clock.

The eclosion rhythm can be entrained by an LD cycle and 

phase shifted by a single light pulse. Therefore, photorecep-

tors must exist which transfer the signal evoked by light to 

the oscillator controlling eclosion. An action spectrum for 

phase shifting the eclosion rhythm with a single light pulse 

shows a broad maximum in the blue (457 nm) and further 

maxima at 375, 435, and 473 nm. Light of wavelengths 

above 540 nm is ineffective (Klemm and Ninnemann 1976). 
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The responsible photoreceptors for eclosion are (1) the larval 

eyes (a pair of Bolwig organs close to the mouth hook, each 

consisting of 12 light sensitive cells which are retained in the 

adult eyelet) using rhodopsin (Malpel et al. 2002) and (2) 

lateral neurons (LNs) using CRY (Kaneko et al. 2000). 

Eclosion of mutants which lack extraretinal photoreception 

but possess functional larval eyes is still entrained. Mutants 

lacking CRY and the visual system cannot be entrained by 

light, but temperature cycles do entrain, demonstrating a 

functional oscillator system (Malpel et al. 2004).

Whereas the visual sensitivity of the compound eyes of 

flies reared on a carotenoid-free diet is decreased by three 

orders of magnitude, the photosensitivity of the circadian 

eclosion rhythm is not affected. Furthermore, the eclosion 

rhythm of mutants lacking compound eyes was still synchro-

nized by light. The compound eyes in the metamorphosed fly 

in the puparium are thus not needed to phase shift and entrain 

the eclosion rhythm.

How the circadian signals which control eclosion arise 

and reach their targets is reviewed by Helfrich-Förster 

(2005a, b). Recently, experiments were performed which try 

to simulate more natural conditions such as an LD pattern 

with gradually changing light intensities and varying day 

lengths. Under these conditions the eclosion rhythm of 

Drosophila seems to be more robust and shows seasonal 

variations (De et al. 2012).

18.6.2  Locomotor Activity and Sleep 
Are Controlled by Several Circadian 
Oscillators

Drosophila flies, like other animals, possess a multi- 

oscillatory system to control different events in a circadian 

way (Stanewsky et al. 1997). Circadian oscillators seem to 

be widespread throughout the different tissues and cells: 

using a construct in which the luciferase gene luc is fused to 

the regulatory upstream region of per (which is under circa-

dian control), luminescence rhythms of the whole fly, of 

parts of the fly, and of cultured tissue can be monitored. Even 

the rhythms of cultured body parts are synchronized by LD 

cycles (Plautz et al. 1997), showing that the underlying 

peripheral oscillators are cell autonomous and photo respon-

sive. Light entrains these oscillators directly, probably via 

CRY (Ivanchenko et al. 2001; Ito et al. 2008) (see 

Sect. 18.6.4).

However, behavior such as eclosion of the flies out of the 

puparium, adult locomotor activity, and sleep is driven by 

circadian centers in the brain. Adult activity rhythms can 

already be entrained by light applied in the first larval stage. 

The clock is apparently running at that time and throughout 

larval and pupal development and is resettable by light 

(Sehgal et al. 1992).

In an LD cycle, the flies are mainly active during the light 

period and sleep during the night. Sleep is defined as a quies-

cent state with reduced responsiveness to external stimuli 

(Bushey and Cirelli 2011). In order to sleep flies retreat to a 

preferred location, become immobile for periods up to 2.5 h, 

and do hardly respond to stimuli. Sleep is more abundant in 

young flies than in old ones and can be modulated by stimu-

lants and hypnotics as in other animals (Hendricks et al. 

2000; Shaw et al. 2000). Preventing sleep experimentally 

leads to a sleep rebound on the following night or day. During 

the day flies usually take a nap during midday. As a conse-

quence, most activity occurs during the morning and eve-

ning. In DD the bimodal activity patterns are less pronounced, 

because morning and evening activity bouts come closer 

together and sometimes merge into one main activity bout. 

This is different under LL of low fluence rate, where both 

activity bouts are separated by a pronounced time of inactiv-

ity (nap) (Bachleitner et al. 2007; Yoshii et al. 2012). LL of 

low fluence rate does furthermore lengthen the free-running 

period of the flies in a dose-dependent manner (Konopka 

et al. 2007). At higher light intensities the flies become 

arrhythmic.

The clocks timing activity and sleep reside in about 150 

clock neurons in the brain consisting of seven major groups, 

namely, three groups of dorsal neurons DNs (DN1−3) and of 

four groups of LNs (LNd, l-LNv, s-LNv, LPN) expressing dif-

ferent peptides/proteins (see Peschel and Helfrich-Förster 

2011 and Fig. 18.7). Based on cell-specific ablation (Stoleru 

et al. 2004), respectively, targeted expression of PER (Grima 

et al. 2004), it was suggested that the ventral subset of the 

small LN cells (sLNs) is responsible for the morning activity, 

and the dorsal set of LNs (LNds) for the evening activity, 

thus providing a neuronal basis for morning and evening 

oscillators. The two oscillators were thought to be function-

ally coupled. Two oscillators could allow the fly to adapt to 

the seasonal changes of day length. A model of Pittendrigh 

and Daan (1976) predicts that the period of the morning 

oscillator M is shortened and that of the evening oscillator E 

is lengthened by light. As a consequence, M and E activity 

bouts are close together under short days and DD, but far 

apart under long days and under LL of low fluence rate. With 

increasing fluence rate of LL, the two activity bouts are pre-

dicted to free run with short and long periods, respectively, 

until the flies finally become arrhythmic (Daan et al. 2001).

This was indeed found (Rieger et al. 2006). However, it 

is more complicated than expected. First, the blue-light 

photopigment CRY has to be knocked out to clearly see the 

internal desynchronization into the two free-running com-

ponents. Second, the activity component with a short period 

did not only start from the M activity bout but in addition 

from the E activity bout, suggesting that the M cells may 

also control aspects of the E activity. The same is true for the 

E cells that can provoke M activity under certain conditions 
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(Rieger et al. 2009; Sheeba et al. 2010). Third, the original 

simple assumption that the s-LNv controls the M component 

and the LNd controls the E component had to be refined. The 

two activity components are most likely controlled by vari-

able subsets of DN and LN that interact in a complex man-

ner depending on the environmental light and temperature 

conditions (reviewed by Yoshii et al. 2012). In spite of this 

obvious complexity, it is quite convincing that the brain 

clock of Drosophila is composed of M and E clock neurons 

that respond differently to light (and temperature) and con-

trol different aspects of behavior. M and E components are 

also involved in the circadian system of mammals (see 

Sect. 18.7.1).

Sleep occurring during the midday nap and the night 

appears to be controlled by the s-LNv (that are neither M nor 

E oscillators) and by sleep centers in the midbrain of the fly 

(Shaw et al. 2000). During neuronal activity the l-LNv pro-

motes arousal. They are activated by the neuromodulators 

dopamine and octopamine and by light and inhibited by 

GABA. GABAergic inhibition of the l-LNv is important for 

sleep (McCarthy et al. 2011; Chung et al. 2009; Lear et al. 

2009; Agosto et al. 2008; Parisky et al. 2008).

18.6.3  Molecular Mechanisms  
of Circadian Clock

The circadian oscillators which control activity and eclosion 

are supposed to consist of one main molecular feedback loop 

plus additional ones (Tomioka et al. 2012; Duvall and Taghert 

2011; Hardin 2011). These are generated by interactions of 

several clock genes, the products of which activate or repress 

transcription, alter the stability of proteins or degrade them, 

and change subcellular localization. Transcription is activated 

by the transcription factors CLK, CYC, and PDP1#. 

Transcription is repressed by PER, TIM, and VRI. Protein 

stability and subcellular localization depends on the kinase 

DBT, CK2, SGG, and PP2a. SLIMB targets phosphorylated 
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Fig. 18.7 Photoreceptors and neuronal clockwork of Drosophila mela-
nogaster: looking toward the front of the brain from anterior, rhythm- 

relevant neurons and photoreceptors are shown. Light (L in yellow 
circle) for synchronization is received by the compound eye, the 

Hofbauer- Buchner (H-B) eyelets, ocelli, and via cryptochrome by some 

clock neurons themselves (each marked by a yellow point). The clock 

neurons consist of lateral neurons, LN (4 l-LNv, 4 s-LNv, one 5th s-LNv, 

6 LNd, and 3 LPN), and of dorsal Nneurons (~15 DN1, 2 DN2, 30 DN3). 

Clock neurons marked in red are located in the anterior brain, the ones 

marked in blue in the posterior brain. Lateral and dorsal neurons as well 

as the clock neurons of the two brain hemispheres are connected with 

each other (gray arrows) and the majority of them project into the acces-

sory medulla (aMe) – a small neuropil at the base of the medulla (pink 
area) that was first described in cockroaches as the site of the circadian 

clock (Homberg et al. 2003). The compound eyes express five different 

rhodopsins (see text) and are sensitive to blue, green, yellow, and red 

light (colored flashes). They transfer light information via the optic lobe 

(here visible: lamina and medulla) to the central brain (black arrow). 

The ocelli express only rhodopsin 2, which is blue-light sensitive. The 

H-B eyelets consist of four photoreceptor cells expressing rhodopsin 6, 

which has its absorption maximum in the green but responds also to red 

light. The H-B eyelets project toward the LNs. Direct synaptic contact 

was shown between the precursors of the H-B eyelets and the larval 

s-LNv (Wegener et al. 2004) but may exist also for the adult LNs and 

perhaps also for the DNs that project into the aMe. Cryptochrome in the 

clock neurons themselves is maximally responsive to blue light. The 

s-LNv (except the fifth) and l-LNv express the neuropeptide pigment-

dispersing factor, PDF, that seems to be released in a rhythmic manner 

and is an important communication signal within the clock network. The 

l-LNv appears to play a special role in the light input pathway to the 

clock as well as in arousal and sleep (details see text) (After Peschel and 

Helfrich-Förster (2011), and Helfrich-Förster (2005a, b))
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PER for degradation in the proteasome. Which role these 

components may play in each circadian oscillator cell of 

Drosophila is shown in Fig. 18.8.

Results (Meyer et al. 2006; Cyran et al. 2005) from exper-

iments in which the FRET signals of PER and TIM (tagged 

with two different fluorescent proteins) were measured in S2 

cells (Schneider 2 cells, derived from a culture of late stage 

of Drosophila melanogaster embryos) show that PER and 

TIM bind rapidly in the cytoplasm and accumulate in foci. 

After 6 h the complexes abruptly dissociate, PER and TIM 

move independently and rapidly into the nucleus. This 

speaks in favor of a timer in the foci, perhaps similar to the 

circadian timing in Cyanophyceae (Sect. 18.2).

In this connection, it should also be mentioned that in 

many insects PER is not found in the nucleus and thus cycling 

of per mRNA might not always be necessary for PER cycling. 

Instead posttranscriptional mechanisms might be involved 

and the negative feedback of clock proteins on their own 

expression could be optional (Helfrich-Förster 2005a, b).

18.6.4  Photoreceptors of the Clock

Drosophila uses multiple photoreceptors for entraining its 

circadian system (for reasons see page 10). The rhythm of 

activity in adult flies can be entrained by (1) the compound 

eyes and (2) ocelli as external photoreceptors and by the (3) 

Hofbauer-Buchner eyelets behind the compound eyes (Veleri 

et al. 2007; Helfrich-Förster et al. 2002) and (4) LNv and DN 

neurons in the brain as internal photoreceptors (see Fig. 18.7 

and reviews by Rieger et al. 2003; Helfrich-Förster et al. 

1998). Whereas in (1), (2), and (3), rhodopsins serve as phot-

opigments, in (4) this is CRY (Klarsfeld et al. 2004). Only 

when all photoreceptors are eliminated, fruit flies are unable 

to entrain their activity and sleep rhythm to LD cycles 

(Helfrich-Förster et al. 2001), suggesting that the multiple 

photoreceptors fulfill partially redundasnt roles and each 

single one is capable to reset the molecular feedback loop.

The following basic light effects must be explained:

 1. Phase shifting by light pulses

 2. Entrainment by LD cycles

 3. Attenuation of the rhythm by LL of high fluence rate

 4. Internal desynchronization (period lengthening/shorten-

ing in subpopulations) by LL of low fluence rate

 5. Adaptation of the activity pattern to different day lengths

According to the model (Fig. 18.8), all these effects are 

achieved through light-dependent degradation of 

TIM. Because TIM is not light sensitive by itself, the light 

signal must be transduced to TIM. As indicated in Fig. 18.7, 

this occurs via the blue-light-absorbing photopigment 
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Fig. 18.8 Model of the circadian Drosophila clock based on a feed-

back loop involving transcriptional and translational events in the clock 

cells. The feedback loop has the following structure: CLK and CYC are 

transcription factors. They form heterodimers and bind to an E-box in 

the promoters of per and tim (and clock-controlled genes ccg) in the 

nucleus activating the transcription of per and tim. mRNA levels 

increase until they reach high levels early in the evening. The proteins 

PER and TIM reach maximal levels with a lag in late evening. 

Degradation of PER by DBT is counteracted by rapid binding of PER 

and TIM in the cytoplasm and accumulation in foci. After 6 h the com-

plexes abruptly dissociate, PER and TIM move rapidly into the nucleus. 

DBT and SGG (not shown) in the cytoplasm interact with nuclear 

entrance or phosphorylate PER and destabilizes it. In the nucleus PER 

and TIM repress their own transcription by directly interacting with 

CLK-CYC transcriptional activators. TIM and PER are phosphorylated 

and degraded. This stops transcriptional repression at the end of the 

circadian cycle. Due to the lag between mRNAs and proteins, and due 

to a 6 h timer in the PER:TIM complex, this negative feedback results 

in a stable cycling in per and tim mRNA and protein levels. Entrainment 

of the clock by light (L in yellow circle) functions by affecting (blue 
flash) the blue-sensitive CRY. It stimulates CRY:TIM interaction, which 

triggers TIM degradation and prevents PER:TIM binding. TIM is phos-

phorylated, ubiquinated, and degraded in proteasomes. Other photore-

ceptors (rhodopsin, see text) and their interaction with the molecular 

gears of the clock are not shown (After Hardin (2005), Cyran et al. 

(2005). Insert by Dennis Pauls and ChristianWegener, Würzburg)
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CRY. Photochemical changes in its flavin chromophore 

allow CRY to interact with TIM in the cytoplasm and the 

nucleus. This leads to TIM phosphorylation and its subse-

quent degradation in the proteasome (Naidoo et al. 1999) 

preventing the PER/TIM complex from participating in the 

negative feedback loop (Ceriani et al. 1999).

If a light pulse hits during the phases of the rising TIM 

concentration, TIM is reduced before it enters the nucleus 

and builds up again after the end of the pulse. The following 

peaks in TIM concentration are thus delayed (see Fig. 18.8). 

Because cytoplasmic PER is degraded if not protected by 

TIM, the PER peak is also delayed. If the light pulse hits at 

peaking TIM concentrations or afterward, nuclear TIM 

(bound in the PER/TIM complex) is degraded earlier, fol-

lowed by PER degradation. As a consequence per and tim 

transcription starts earlier and the subsequent buildup of 

TIM and PER is also advanced. Thus, the following peaks in 

TIM and PER are advanced. This explains point 1.

The entrainment by LD cycles is the result of advancing 

and delaying phase shifts. These will keep the circadian 

oscillation in a certain phase relationship to the LD cycle. 

This explains point 2. LL of high fluence rate keeps the TIM 

level permanently extremely low (close to zero). As a conse-

quence also PER cannot accumulate, per and tim mRNA 

remain at an intermediate level, and finally the clock genes 

and proteins stop to oscillate. This explains point 3.

LL of low fluence rate slows down the accumulation of 

TIM, but does not prevent it. As a consequence TIM and 

PER accumulation is permanently delayed, and this results 

in a period lengthening. This explains the first part of point 4.

The period shortening of some clock neurons under dim 

LL is more difficult to explain by the model, and the same is 

true for adaptation of the activity pattern to different day 

lengths since this includes a phase advance (period shorten-

ing) of the M oscillators (see page 37).

Thus, the model can explain the first three light effects 

mentioned as well as period lengthening (point 4). There is 

also experimental evidence: TIM degradation induced by 

light pulses can be measured in the LNs (see Fig. 18.7). It 

correlates well with the amount of phase shifts of the activity 

rhythm elicited by light pulses. Furthermore, the spectral 

response curves for TIM degradation and for phase shifts of 

the activity rhythm display a maximum between 400 and 

450 nm, and this matches the absorption spectrum of CRY 

(Berndt et al. 2007), clearly indicating that these events are 

causally related.

Most interestingly, CRY levels are light controlled: CRY 

levels are maximal in the early morning and decrease over 

the course of the day reaching a minimum in the early night 

before they increase again during the night (Emery et al. 

1998). This fact explains why the circadian clock is most 

sensitive to light pulses of low fluence rate in the early morn-

ing (about 3 h before lights on), when CRY level is maximal 

(Emery et al. 1998). Nevertheless, CRY is not the only factor 

that mediates phase shifts and entrains the clock to LD 

cycles:

 (a) Not all clock neurons contain CRY (Yoshii et al. 2008; 

Benito et al. 2008)

 (b) Entrainment of the molecular feedback loop upon light 

does also occur in mutants without functional CRY, 

at least in some clock neurons (Helfrich-Förster et al. 

2001)

 (c) CRY-less flies can still entrain their sleep/wake rhythms 

to LD cycles and respond with phase shifts to light pulses, 

although with strongly reduced magnitude (Kistenpfennig 

et al. 2012)

 (d) Wild-type flies show a more pronounced phase-delay 

zone than advance zone in their PRC, although CRY is at 

its minimum during the early night when phase delays 

occur

 (e) The activity of wild-type flies can still be entrained by 

red light (600 nm), although CRY does not respond to 

light of wavelengths above 540 nm. The clock of eyeless 

flies lacks sensitivity to long wavelengths completely 

(Helfrich-Förster et al. 2002) and is much less sensitive 

to light of all wavelengths as compared to wild-type flies 

(1 by a magnitude of 1,000 (Hirsh et al. 2010) and not 

10, as wrongly stated in Helfrich-Förster et al. 2002 due 

to a calculation error of the wild-type sensitivity).

This all emphasizes that CRY-independent pathways con-

tribute to the light responses of the fruit fly’s clock.

Indeed, the still missing points of the basic light effects 

can only be explained by photoreception via the compound 

eyes and perhaps the H-B eyelets (point 4, period shortening 

during internal desynchronization under LL of low fluence 

rate; point 5, adaptation of the activity pattern to different 

day lengths). Only flies that lack these photoreceptor organs 

are unable to shorten period under LL and to adapt to differ-

ent photoperiods (Rieger et al. 2006, 2003).

The most difficult point to explain is the period shorten-

ing of some clock neurons in response to LL. According to 

the model in Fig. 18.8, permanent TIM degradation can only 

slow down the feedback loop and finally stop it but hardly 

accelerate it. This implies that the input via the photorecep-

tor organs to the clock neurons does not lead to TIM degra-

dation. This is in agreement with the fact that flies that retain 

the compound eyes and H-B eyelets but lack functional CRY 

do not become arrhythmic under LL, not even at high fluence 

rates (Stanewsky et al. 1998; Emery et al. 2000; Helfrich- 

Förster et al. 2001; Yoshii et al. 2004; Rieger et al. 2003). 

Moreover, the PER/TIM feedback loop runs with high 

amplitude in these flies under LL conditions without any 

sign for permanent TIM reduction (Rieger et al. 2006).

So far, it is completely unknown by which transduction 

cascade the light signal from the photoreceptor organs is 

transferred to the molecular clock and whether there are 
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 parallels to the mammalian system, where light input via the 

retinohypothalamic tract results in an increase of Ca2+ and 

cAMP in certain clock neurons finally leading to the activa-

tion of cAMP-responsive binding element (CREB). CREB 

binds to CREs in the promoters of per1 and per2 genes and 

activates their transcription. It is not yet established whether 

there are functional CRE sequences in the Drosophila per 

upstream region, but it was shown that mutations in the 

Drosophila CREB gene affect per expression (Belvin et al. 

1999). Alternatively, per expression may be affected indi-

rectly, for example, by the CREB-binding protein (CBP) that 

influences the transcriptional activity of the CLK/CYC het-

erodimer (Lim et al. 2007; Hung et al. 2007).

Although not yet proven, it is imaginable that activation 

of per transcription by light can provoke period shortening 

under LL conditions in some neurons as was observed by 

Rieger et al. (2006). Another possibility is that the period of 

some neurons is shortened via neuronal communication 

within the clock network.

The l-LNv neurons, which are responsible for arousal and 

sleep (see above), seem to play a crucial role in transferring 

the light information from the compound eyes to the network 

of clock neurons. Upon light the LNv increases neuronal 

activity (Sheeba et al. 2008b), releases the pigment- 

dispersing factor PDF, and increases arousal of the flies 

(Sheeba et al. 2008a; Shang et al. 2008).

But PDF acts also on the clock neurons themselves. Most 

clock neurons express the PDF receptor (Im and Taghert 

2010), and they respond to PDF either by shortening or 

lengthening the period of their molecular clock (Yoshii et al. 

2009). An increase of PDF in the dorsal brain does lead to 

internal desynchronization of the free-running activity 

rhythm into two components as does LL (Helfrich-Förster 

et al. 2000; Wülbeck et al. 2008). Furthermore, the same 

clock neurons seem to free run with a short and long periods, 

respectively, as observed under LL (Yoshii et al. 2009). This 

suggests that PDF is the factor that accelerates the speed of 

the M cells and decelerates the speed of the E cells.

Most interestingly, a recent study suggests that M and E 

clock cells express different adenylate cyclases, which may 

enable the two types to respond differentially to PDF (Duvall 

and Taghert 2012). In accordance with this, neither did pdf- 
null mutants show internal desynchronization upon light nor 

are they able to adapt M and E peaks to different photoperi-

ods – very similar to eyeless mutants (Yoshii et al. 2009, 

2012).

Several rhodopsins may be responsible for the observed 

light effects on the circadian clock: Rh1, Rh3, Rh4, and 

Rh5 which are expressed in the compound eyes, Rh6 which 

is expressed in the compound eyes and in the H-B eyelets, 

and Rh2 which is found in the ocelli (summarized in Szular 

et al. 2012). Among these Rh1 and Rh6 have been shown 

to be responsible for entraining fruit flies to red light 

(Hanai et al. 2008), whereas Rh1, Rh5, and Rh6 (plus CRY) 

are essential for entrainment to green and yellow light 

(Hanai and Ishida 2009).

In summary, the fly has at least two principle light-input 

pathways to the clock – one working via CRY on TIM deg-

radation directly in the clock neurons and the other working 

via the photoreceptor organs and the neuropeptide PDF. The 

CRY pathway enables the fly clock to respond quickly and 

strongly to light. The photoreceptor input pathway seems to 

be more subtle but necessary for adapting the flies activity to 

different day lengths.

18.7  Light and Circadian Clocks 
in Mammals

Among vertebrates, the circadian clocks of mammals are the 

best studied. For experimental reasons, rodents are favored 

and among these mice (Ripperger et al. 2011) and rats, 

because they can be reared easily, are small and have a short 

generation time. However, most rodents used are night 

active, which has to be taken into account, if connections to 

the human circadian system are made. Day-active rodents 

are, e.g., the sand rat Psammomys obesus and the Nile grass 

rat Arvicanthis niloticus.

During the night diurnal and nocturnal species are sensi-

tive to light at the same time. The molecular mechanisms of 

light resetting are also comparable. But animals in LL 

exposed to darkness would reset the SCN clock during their 

resting period, that is, at night in diurnal and during the day 

in nocturnal species. Arousal-independent cues (melatonin 

and GABA) shift the clock in day- and night-active animals 

at the same circadian time. Arousal-dependent zeitgeber 

(serotonin: its cerebral levels follow activity pattern) phase 

shift only during resting and have thus opposite effects in 

diurnal and nocturnal species (Challet 2007).

Several hands of the clock can be recorded such as loco-

motor activity, body temperature, melatonin secretion (see 

Sect. 18.7.6), or expression of clock genes or clock-driven 

genes. The locomotor activity is measured by running wheels 

or by infrared light beams (Jud et al. 2005). The records are 

used to construct actograms which allow to determine period 

and phase shifting of the rhythm.

Further advantages of using mice are that the genome was 

mapped and sequenced (see Müller and Grossniklaus 2010 

for historical aspects), that many mutants are available, and 

that genetic and molecular biological methods are applica-

ble. However, among the vertebrates mammals are special in 

several respects. Thus, peripheral clocks of mammals are not 

directly entrainable by light, and the pineal is not photore-

ceptive in contrast to most other vertebrates. In zebrafish, for 

instance, peripheral clocks are directly entrained by light, 

which resembles the situation in Drosophila, and the pineal 
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is photoreceptive and contains a circadian oscillator as the 

central clock (see Sect. 18.7.6). These pineal cells are spe-

cialized photoreceptor cells resembling structurally and 

functionally retinal photoreceptors. They synthesize rhyth-

mically the hormone melatonin with high levels at night and 

low levels during the day (Idda et al. 2012).

In the following we discuss the clock centers in the SCN 

and its network (Sect. 18.7.1), the clock mechanism driving 

these rhythms (Sect. 18.7.2), the circadian photoreceptors in 

the eye and the inputs to the SCN (Sect. 18.7.3), the circa-

dian clocks in the eyes (Sect. 18.7.4), peripheral clocks 

(Sect. 18.7.5), and the function of the pineal organ 

(Sect. 18.7.6).

18.7.1  SCN and Its Network

The paired SCN is a center of circadian timing in mammals. It 

is situated in the anterior part of the hypothalamus at the ven-

tral part of the third ventricle just above the optic chiasma 

(Fig. 18.10; Mohawk and Takahashi 2011; Welsh et al. 2010) 

and each SCN in a Rhesus monkey consists of about 10,000 

neuron cells and additionally 15,000 glia cells (Roberts et al. 

2012). Reorganization of neuron-astrocyte interactions and 

synaptic connectivity within the SCN is discussed by Jackson 

(2011), Marpegan et al. (2011), Ng et al. (2011), and Girardet 

et al. (2010). The SCN consists of a dorsomedial shell 

(dmSCN) and a ventrolateral core (vlSCN) with diverse affer-

ents and efferents. Their neurons use different neuropeptides: 

in the shell VIP, GRP, and GABA, in the core AVP and PK2 

(Mohawk and Takahashi 2011). For further details of structure 

and function of the SCN, see Tonsfeldt and Chappell (2012), 

Lowrey and Takahashi (2011), Dibner et al. (2010), Golombek 

and Rosenstein (2010), and Welsh et al. (2010); for the genet-

ics of the SCN oscillators, its transcriptional loops, and how 

epigenetic mechanisms contribute to the control of circadian 

gene expression, see, e.g., Lowrey and Takahashi (2011), 

Colwell (2011), Kwon et al. (2011), Ripperger and Merrow 

(2011), and Bellet and Sassone-Corsi (2010).

The SCN is a circadian center and not just a place that 

transfers information of the LD cycle from the eye to an 

oscillator situated somewhere else. If this were the case, the 

various circadian rhythms would not disappear upon destruc-

tion of the SCN, but would not be synchronized anymore and 

would free run. However, the animals became arrhythmic.

There is further evidence for the SCN being a master 

oscillator: in organotypic slice cultures, in which the dorsal/

ventral architecture is preserved (Silver and Schwartz 2005), 

metabolism, electrophysiological, and molecular events are 

still rhythmic. A particular strong evidence is that neural 

grafts of fetal SCN reestablish the circadian rhythms in SCN 

lesioned and thus arrhythmic recipients with the characteris-

tic circadian properties of the donor.

To work properly as coordinated clocks, the oscillations 

must be coupled and form a network. Coupling of the neu-

rons increases strength and precision of the rhythms, they 

resist better perturbations, and the range of entrainment is 

narrowed (Abraham et al. 2010). The overall period of the 

SCN is the average of the periods of the single cells. However, 

the intercellular coupling has to reach a certain strength, 

which is not present in dispersed SCN cell cultures.

The SCN oscillators must furthermore be synchronized 

with the 24 h environment. This occurs mainly by retinal 

inputs which generate action potentials. These travel along 

the retinohypothalamic tract (RHT) to the core of the 

SCN. There they activate the firing rate in the SCN neurons 

(see Sect. 18.7.3).

Since the core receives retinal inputs directly, the molecu-

lar oscillators respond immediately to the retinal inputs. The 

information from the core to the shell is transmitted in a so 

far unknown way and occurs delayed, so that the shell neu-

rons react more slowly.

About 60–70 % of the SCN neurons show a circadian 

rhythm in action potentials which can last in single neurons 

for 4–6 h. The neurons switch between a hyperpolarized 

downstate during the night when they are silent and a depo-

larized upstate during the day when they are active. In this 

active state they respond to synaptic inputs that reduce their 

firing, but are not responsive to excitatory signals. During 

the night they are silent but respond to stimulation. How the 

change from day to night states occurs is unknown. The 

molecular oscillators in the SCN neurons influence the mem-

branes and ion channels of the neuronal cells by a second 

messenger system which leads to circadian firing. It is high-

est during the day in diurnal as well as in nocturnal animals 

(Colwell 2011).

Under LL the rhythm of the locomotor activity of mam-

mals can occasionally show a bimodal rhythm with a phase 

difference between the two components (Watanabe et al. 

2007, 2006) or splitting with different periods (Butler et al. 

2012; Indic et al. 2008; Helfrich-Förster 2004). Splitting is 

caused by the left and right halves of the SCN which oscil-

late in antiphase to each other (Mendoza et al. 2009; 

Tavakoli-Nezhad and Schwartz 2005). Arrhythmicity results, 

if the neurons within the SCN decouple from each other. The 

rhythmicity of individual cells remains, however, intact.

Internal desynchronization by non-24 h LD cycles (e.g., 

11:11 h, called forced desynchrony protocol) can dissociate 

the molecular rhythms in the shell and core. The core stays 

entrained to the LD, but the shell is entrained for certain peri-

ods only. In between the rhythm free runs. As a result, two 

components of the locomotor activity, the body temperature 

and the slow-wave sleep, are displayed with different period 

lengths.

Splitting, internal desynchronization, and arrhythmicity are 

simulated by two groups of oscillators which are weakly 

A. Johnsson et al.



269

 coupled mutually but strongly coupled inside the group 

(Schroder et al. 2012). Light increases transcription of clock 

genes, which alters the circadian properties of individual cells. 

In DD weak coupling in the groups leads to oscillations with a 

single bout of activity per day. In LL, synchrony in a group 

occurs only under strong coupling. With increasing light inten-

sity the rhythms of the two groups are in antiphase, which 

shows up as bimodal activity. At high light intensity arrhyth-

micity is found (Butler et al. 2012). Another model based on 

the Goodwin oscillator describes also splitting (Gu et al. 2011).

Many core neurons terminate on shell cells and their 

interplay leads to the circadian output to other hypothalamic 

regions. VIP modulates light-induced phase shifting and 

shifts the locomotor activity. If applied to the SCN in vitro, it 

shifts also the phase. Loss of VIP signaling leads to desyn-

chrony among SCN neurons. Other neurotransmitters such 

as GRP and GABA phase shift the oscillations in SCN and 

the locomotor activity rhythm and synchronize asynchro-

nous SCN neurons. Ca2+ signaling and cAMP activation, and 

perhaps other neuropeptides, are involved in synchronization 

by VIP.

Even in the intact SCN, the oscillations are not completely 

in synchrony, but their phase shows wavelike gradients at the 

various axes (shown by imaging, figure 3 in Mohawk et al. 

2012), and the structure and synaptic connections of the 

SCN neurons and glia cells can change within a few hours. 

In order to find out how this occurs, various electrophysio-

logical techniques were applied to individual SCN neurons 

and to SCN slices (Schaap et al. 2003). They allow monitor-

ing of SCN neurons for longer periods. In organotypic slices 

from transgenic mice in which a luciferase reporter 

(Yamaguchi et al. 2003) or a fluorescent protein reporter 

(Quintero et al. 2003) drives a clock gene promoter, time- 

lapse imaging showed in horizontally cut slices two oscillat-

ing components, which might reflect the activity of morning 

and evening oscillators (de la Iglesia et al. 2004; Jagota et al. 

2000). They had been inferred already earlier from behav-

ioral studies (Pittendrigh and Daan 1976).

In photoperiodic reactions such evening and morning 

oscillators are supposed to measure day length (Jagota et al. 

2000) (see Sect. 18.7.6). The photoperiod (day length) 

changes the pattern of the clock gene expression: long days 

broaden the clock gene expression of the SCN and lengthen 

the time of its neuronal activity in the dmSCN and along the 

rostral-caudal axis of the SCN (see also Sect. 18.4.3).

Outputs of the SCN: Intercellular communications in the 

mammalian clock system are not restricted to the clock cells 

in the SCN. Primary targets of the SCN outputs are predomi-

nantly located in the hypothalamus and the thalamus (see 

Fig. 18.10 and references in Li et al. (2012)). How does the 

circadian information of the SCN reach the other brain areas?

The signals of the SCN are spread as synchronized nerve 

impulses to central parasympathetic nuclei (e.g., the dorsal 

motor nucleus of the vagus, which innervates gastrointestinal 

and respiratory organs) and central sympathetic nuclei (e.g., 

intermediolateral cell column of the spinal cord). Sympathetic 

signals to the adrenal gland are converted to hormonal (glu-

cocorticoid) signals. They are released into the bloodstream 

and bind to glucocorticoid receptors of peripheral organs, 

activate the mammalian Per1 gene in systemic cells, and 

reset clocks all over the body (Tonsfeldt and Chappell 2012; 

Okamura 2007).

Locomotor activity is driven by cyclic releasing factors 

acting on receptors in the hypothalamus at the wall of the 

third ventricle. Circadian signaling factors are PK2, AVP, 

and CLC. They influence also other behavioral and physio-

logical rhythms (Li et al. 2012; Dibner et al. 2010; Klein 

et al. 1991) such as thermal regulation (Kräuchi et al. 2006; 

Ruby et al. 2002), sleep-wake cycle, functions of the circula-

tory and gastrointestinal system (Bass and Takahashi 2010; 

Green et al. 2008; Gachon et al. 2004), and endocrine events 

(Vollrath 2002). The synthesis and secretion of melatonin is 

also controlled by the SCN (see Sect. 18.7.6 and Simonneaux 

and Ribelayga 2003).

If the SCNs are destroyed, the circadian control of these 

functions disappears. The close connection between SCN 

and metabolism shows how the circadian system is inte-

grated with physiology (Hardie et al. 2012; Froy 2011; Bellet 

and Sassone-Corsi 2010). AMP-activated protein kinase 

(AMPK) is an energy sensor of the cell. It is activated, if the 

energy status falls, promotes ATP production, and conserves 

ATP by switching off biosynthetic pathways. It furthermore 

regulates the energy balance of the body via the hypothala-

mus that promotes also metabolism and feeding behavior. 

Circadian rhythms and metabolism are closely linked via the 

activating (CLOCK-BMAL1) and repressive (REV-ERB-a- 

REV-ERB-b) transcriptional complexes, the coordinate 

actions of which generate rhythmic gene expression 

(Cho et al. 2012).

18.7.2  Mechanism of the Mammalian Clock

The molecular basis of the mammalian master clock in the 

SCN has been studied intensively using various methods, 

among them systems biology which is used to identify the 

circadian system and its components, to analyse and measure 

them, to control the system, and to put it together from its 

parts (Hogenesch and Ueda 2011; Ukai and Ueda 2010; 

Baggs and Hogenesch 2010). The clock mechanism pres-

ently known involves three basic helix-loop-helix transcrip-

tion factors (Clock, Npas2, and Bmal1), two period genes 

(Per1 and Per2), two cryptochrome genes (Cry1 and Cry2), 

CKIε and δ, and two orphan nuclear hormone receptors 

(RevErbα and Rorα). Gene expression is regulated by tran-

scriptional factors (Dbp, Tef, Hfl, and Nfl3; Bmal2, Bhlhb2, 
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and Bhlhb3; one period-related gene Per3; RevErbβ, Rorβ, 

and Rorγ Ukai and Ueda 2010).

How the clock genes and clock-related genes interact 

with each other is at least partly clarified (see Fig. 18.9 and 

18.10). CLOCK and BMAL1 dimerize and activate tran-

scription of Per and Cry through E-box elements. The PER 

and CRY proteins accumulate in the cytosol, are phosphory-

lated, and then are translocated into the nucleus. There they 

inhibit the activity of Clock and BMal1. After the turnover of 

PER and CRY, a new cycle of activation by CLOCK and 

BMAL1 begins. This clock oscillator influences physiologi-

cal and metabolic processes.

The rhythmic expression of Bmal1 mRNA is also clock 

regulated. The Bmal1 promoter contains RRE instead of an 

E-box, and its activities are controlled by the rhythmically 

expressed transcriptional repressor REVERBα and the acti-

vator RORα. CRY inhibits by feedback the CLOCK/BMAL1 

complex and is responsible for the functioning of the mam-

malian clock. Critical for the function is also the E-box- 

mediated transcriptional/posttranscriptional loop.

The circadian clock of mammals possesses also posttran-

scriptional regulation. Using newer technologies, several 

protein kinase, adenylate cyclase, and proteasome inhibitors 

were found which lengthen the period of the clock. The deci-

sive step seems to be the CKIε/δ-dependent phosphorylation 

of PER2.

Circadian clocks must be protected against fluctuations in 

the environment such as temperature and food. They are there-

fore temperature compensated. Theoretical studies of Isojima 

et al. (2009) show that the effect of CKIε and CKIδ activity on 

PER2 determines period and is temperature insensitive. 

Circadian oscillators of mammals are also resistant against 

fluctuations of the transcription rate (Dibner et al. 2009).

It was mentioned already on page 9 that a special light 

pulse at a critical phase of the circadian oscillator might lead 

to arrhythmicity. This feature has been used by Ukai and 

Ueda (2010) and Pulivarthy et al. (2007) to find out whether 

the arrhythmicity is due to a stop of the oscillators in a singu-

lar state or whether the oscillators continue to oscillate but 

desynchronized to each other. In mammalian cell cultures 

made photo responsive by coupling αρ protein to melanop-

sin, it was shown that desynchronization of the cellular 

clocks and not arrhythmicity was responsible (Ukai and 

Ueda 2010; Pulivarthy et al. 2007). In light-responsive 

immortalized fibroblasts of mice, such a critical light pulse 

reduces the amplitude of the rhythm by 40 % but desynchro-

nizes simultaneously the cells (Pulivarthy et al. 2007). In rats 

it was shown in vivo that desynchronization is responsible 

for the low amplitude of the locomotor activity after such a 

critical light pulse (Ukai et al. 2007).

Using a tunable oscillator (see Tigges et al. 2009) in 

mammalian cells, it could be clarified how the phases of 

expression of oscillating genes are determined by the three 

CCEs (E/E-box, D-box, and RRE). The transcriptional acti-

vator DBP activates gene expression via the D-box; the 

E4BP4 represses gene expression. Dbp is regulated by the 

E-box, the morning control element. E4bp4, however, is reg-

ulated by the RRE, the nighttime control element. RRE acti-

vators are expressed during the day phase through the D-box. 

The RRE repressors are influenced by a morning element 

(E-box). A daytime activator and a morning repressor 

 determine the nighttime transcription through the RRE 
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Fig. 18.9 The circadian clock of mammals consists of a main feed-

back loop in which the products (PERs and CRYs, thick green arrows) 

of the Per1, Per2, and Per3 genes and of the Cry1 and Cry2 genes 

inhibit (thick red – I) the expression of their genes (Per1–3 and Cry1–

2). A kinase (CK1ε) is responsible for the destruction of the PERs and 

CRYs (blue ovals with broken borders). Further feedback loops 

(REVERBa, RORa, and RORb) interact with Bmal1 which via BMAL1/

CLK affects the Per and Cry genes. Light (L and yellow and blue flash) 

affects the Per and Cry genes (After Kim et al. (2012)). Insets: The 

female author of this chapter and her coauthors during a circadian 

experiment in Spitsbergen (see link: http://nbn-resolving.de/

urn:nbn:de:bsz:21-opus-53405)
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(Ukai- Tadenuma et al. 2008). Rhythms did not have a strong 

amplitude, if only the morning activator or only the night 

repressor was expressed. Morning activation and night 

repression are responsible for the control during the day. 

Various combinations of transcriptional regulators with 

CCEs for the three basic circadian phases (morning, day, and 

night) result in other phases and show that transcriptional 

regulation of upstream transcription factors can determine 

the phase of the downstream output. The period length of the 

clock is largely determined by posttranscriptional circuits.

18.7.3  Circadian Photoreceptors in the Eye

As mentioned, the SCN of mammals is only synchronized by 

light perceived via the eyes: enucleated animals free run in 

LD cycles (Meijer et al. 1996).

Whereas the rods and cones of the outer retina are respon-

sible for normal vision and communicate with the brain via 

the optic nerve, a small subset of intrinsically photosensitive 

retinal ganglion cells (ipRGCs; see Fig. 18.9) in the inner 

nuclear layer of the retina controls the circadian rhythm in the 
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Fig. 18.10 Circadian centers of mammals and their pathways: the envi-

ronmental L/D is received by the retina (bottom left and insert A) in 

ipRGC (dark blobs in A) and in the rods (PRs, short structures) and 

cones (long structures) and reach via action potentials (AP, insert C) in 

the RHT the SCN (insert B). The APs (insert C) open Ca2+ channels (Ca) 

which leads to discharge of neurotransmitters VIP, GRP, and GABA 

from the presynaptic neurons into the synapse and clock gene activation 

in the postsynaptic neurons via receptors (only AC shown), cAMP, PKA, 

and CREB. The signals are received by clock neurons cells (circles with 

~, insert B) in the core of the SCN, which are entrained by them and by 

mutual interactions (⇌). They in turn synchronize clock cells in the shell 

of the SCN which interact with each other (⇌) and with other cells (cir-
cles with -). They communicate with target tissue/organs via neurotrans-

mitters like AVP, PK2, VIP. Signals from the SCN reach the pineal (PIN) 

via sympathetic innervation with synapses in the PVN, IML, and 

SCG. Insert D shows part of a pinealocyte where the signals trigger via 

norepinephrine (NE) the release of melatonin (Mel) into the blood ves-

sels (bl.v.) of the brain. The signal cascade involves Ca2+ and PKC which 

increase cAMP. PKA phosphorylates CREB in the nucleus, activating 

genes involved in melatonin synthesis. Melatonin reaches via the blood 

different targets, among them SCN cells and cells of the pars tuberalis 

(PT; main figure), both of which contain numerous melatonin receptors. 

The PT controls photoperiodic events. Another direct target of the 

ipRGC in the retina is the olivary pretectal nucleus (OPN) linking the 

pupillary light reflex via EW, CG, and the iris muscles (After Berson 

(2003), Hastings and Herzog (2004), Meijer and Schwartz (2003), 

Lincoln (2006), Pévet et al. (2006), Welsh et al. (2010), Dibner et al. 

(2010), and Schmidt et al. (2011))
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SCN. These cells regulate also masking effects of the light, 

the immediate melatonin suppression, and the pupil reflexes 

(Hughes et al. 2012; Lucas et al. 2012). They occur in small 

numbers only (in humans 0.2–0.8 % of all ganglion cells in 

the retina) but spread widely as a network across the entire 

retina (Moore et al. 1995) and are strongly arborized 

(Hannibal et al. 2002). They detect the average illuminance of 

the day and integrate it over long intervals (Do and Yau 2010; 

Pickard and Sollars 2010; Husain 2005; Warren et al. 2003). 

In addition they receive input from the rod/cone circuitry. 

Plachetzki et al. (2005) provide a historical overview.

There are five types of ipRGCs, M1–M5, which differ in 

connection and function. The Brn3b-negative M1 cells 

innervate the SCN and entrain the clock cells, and the Brn3b- 

positive M1 cells innervate the shell of the OPN. From there 

the pupillary light response is controlled. The other M cells 

innervate the core of the OPN, the SC, the dLGN, and other 

regions, but their specific functions are not yet known 

(Hughes et al. 2012).

The LD cycles of the environment are sensed by the 

Brn3b-negative M1 ipRGCs and transferred as electrical sig-

nals via their monosynaptic axons in the RHT to the 

SCN. Melanopsin serves as the photopigment. G protein is 

activated, thereafter PLC and finally an influx of Ca2+ leads 

to action potentials. As a result, Glu and PACAP are released 

postsynaptically at the SCN neurons. Ca2+ influx activates 

protein kinases and CREB is phosphorylated (Golombek and 

Rosenstein 2010). It binds to CREs in promoters of many 

clock genes such as the Per1 and Per2 genes and activates 

transcription. Depending on the time at night at which light 

occurred, the increased PER advances or delays the locomo-

tor activity rhythm.

The transduction cascade of the melanopsin-expressing 

ipRGCs differs fundamentally from the one of the rod and 

cone photoreceptors, since a different G protein is involved 

and melanopsin activation results in membrane depolariza-

tion rather than hyperpolarization as in rods and cones. It 

thus resembles more closely the phototransduction cascade 

of invertebrates (Palczewski 2012; Bailes and Lucas 2010). 

Whereas mammals have just one melanopsin (Opn4m), fish, 

birds, and amphibians possess two, Opn4m and Opn4x 

(Bellingham et al. 2006).

All inputs of the accessory light perception use the rod- 

cone and the melanopsin system (Hattar et al. 2003). 

However, the quality of the information differs. Cones signal 

rapid changes in light intensity, and rods and melanopsin 

gradual modulations during the day at dim and brighter 

intensities. Mice possess a small population of short-

wavelength- sensitive S-cones which could explain the UV 

sensitivity (Provencio and Foster 1995). The SCN is thus 

able to encode environmental light over a wide range of 

intensities and temporal frequencies (Lucas et al. 2012).

After the light has been absorbed in the retina and the 

signals have reached the SCN, immediate early genes for 

transcription regulator proteins and furthermore nitrogen 

monoxide come into action. The latter is required for light- 

induced phase shifts of behavioral rhythms (reviewed by Rea 

1998).

Under DD, circadian rhythms are maintained by the clock 

cells of the SCN. But the eyes, which also contain autono-

mous circadian clocks (see Sect. 18.7.4), can also modulate 

circadian rhythms in the SCN even in the absence of light. 

Removal of the eyes abolishes circadian rhythms in some 

cells of the SCN; they were apparently driven by inputs from 

the eyes. However, removal of the eyes can also amplify a 

normally dampened circadian rhythm in other cells of the 

SCN (Beaule and Amir 2003).

18.7.4  Retinal Clocks in the Eye

After presenting the circadian photoreceptors in the retina 

(Sect. 18.7.3), we have to point out that the retina of the eye 

contains circadian clocks itself. The retina, its cells and tis-

sues, and their interactions are well studied. It consists of 

several tissue layers with five classes of neurons (photore-

ceptors, horizontal cells, bipolar cells, amacrine cells, and 

ganglion cells) and glia (Guido et al. 2010; Tosini et al. 

2008). There are three nuclear layers (outer and inner nuclear 

layer, ganglion cell layer; see inset A in Fig. 18.9). Light has 

to pass through these layers and their neurons before reach-

ing the photoreceptors.

The outer segments of rods and cones absorb light with 

various opsin photopigments in stacked discs. The disks are 

shed at the tip of the segments, phagocytosed and digested in 

the retinal pigment epithelium (Bobu and Hicks 2009; 

Strauss 2005; Grace et al. 1999; Young 1976). At the base 

the segments are renewed by forming new disks. This inter-
nal renewal is important for the functional integrity of rods 

and cones, because they cannot be replaced by new cells. 

The shedding of the outer disks occurs in the rods in the 

morning and in the cones in the evening, that is, at times, 

when they are not used anymore.

Several photopigments with diverse functions are found 

in the various cell layers (Peirson et al. 2009). They synchro-

nize the circadian rhythms (Iuvone et al. 2005; Green and 

Besharse 2004; Devlin 2002).

Circadian clocks in the mammalian eye were predicted by 

Reme et al. (1991). They have later been found in the retinas 

of all classes of vertebrates. The retina contains besides the 

normal visual system a circadian system with receptors for 

synchronizing light and with many mutually coupled clocks 

(Ruan et al. 2006). Different aspects of retinal physiology 

such as sensitivity to light (differences of more than six orders 
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of magnitude), neurohormone synthesis, rod disk shedding, 

intracellular signaling, and gene expression are controlled by 

these clocks (Green and Besharse 2004; Tosini and Fukuhara 

2002; Tosini and Menaker 1996). The retinal clock cells con-

trol also the circadian melatonin expression in the eye and are 

partly responsible difference in the sensitivity to light.

There are indications that in the retina two or more oscil-

lator types control the local physiology. Melatonin and dopa-

mine in the ganglion cells of the inner retina and a part of the 

inner nuclear layer and/or the photoreceptors are regulated in 

antiphase (Thompson et al. 2003; Hattar et al. 2003).

This close connection between circadian clocks and pho-

toreceptors is known also from invertebrates and Neurospora.

The molecular components and genetic basis of the reti-

nal and other peripheral clocks of the body are the same as 

the one in the SCN cells (Yamazaki et al. 2000), and they 

possess the same properties such as shorter periods in 

 corresponding mutants. These shorter periods show up also 

in the output of the eye clocks (Grace et al. 1996). There are, 

however, variations in molecular detail (Steenhard and 

Besharse 2000).

The retinal clock cells control the local physiology and 

are responsible also for a circadian output of melatonin in the 

eye. This changes the sensitivity of the retina to light, cover-

ing a range of more than six orders of magnitude.

Similarities and differences in the molecular mechanisms 

of the retinal versus the SCN oscillators are discussed by 

Green and Besharse (2004). They also examined the interac-

tions between the retinal and the SCN clocks. Light and 

dopamine phase shift the retinal clock (Steenhard and 

Besharse 2000). The circadian release of melatonin in the 

eye is responsible for the rhythmic adaptation of phototrans-

duction, for the recycling of biochemical components in the 

retina, and for other aspects of the retinal physiology. Other 

rhythmic events in the eye such as visual resolution (Tassi 

et al. 2000), ERG, intraocular pressure (Nickla et al. 1998), 

cats: Sole et al. (2007), choroid thickening, and eye growth 

might be or are also under circadian control.

18.7.5  Peripheral Clocks and Their 
Entrainment

In the brain, clock genes are not only expressed in the SCN but 

also in other parts of the central nervous system (e.g., cerebel-

lum, hippocampus, arcuate nuclei, paraventricular hypotha-

lamic nuclei, piriform and cerebral cortices, olfactory bulbs, 

amygdala, retina Guilding and Piggins 2007). Furthermore, 

rhythms of clock gene and/or protein expression have been 

observed in peripheral tissues and organs such as liver, pan-

creas, fat tissue, gut, lung, and heart (references, also for the 

following, in Pévet and Challet 2011); Bass and Takahashi 

(2010). These rhythms persist in culture, that is, without the 

influence of the SCN cells. However, they dampen after a few 

cycles. Imaging has shown that individual cells continue to 

express rhythms, but are not synchronized anymore. In contrast 

to the SCN, they do not react to external time cues such as the 

LD cycle of the environment and cannot communicate with 

and entrain each other. Peripheral oscillators can be entrained 

by temperature cycles as exhibited in core body temperature. 

Thus, rhythmic gene expression can be driven by both local 

intracellular clocks and by extracellular systemic cues.

Metabolism is linked with the circadian system not only 

via the SCN but also via peripheral tissues, endocrine, and 

local signals. Feeding time and certain drug treatments can 

generate behavioral rhythms in the absence of the SCN 

(Honma and Honma 2009). The liver clock is reset by feed-

ing, and the clock genes and protein expression shift their 

phase accordingly (references in Mohawk et al. 2012).

18.7.6  Pineal Organ, Melatonin, 
and Photoperiodism

The pineal resembles a tiny pine cone and is an endocrine 

gland in the center of the vertebrate brain between the hemi-

spheres (see Fig. 18.9). It is a part of the “photoneuroendo-

crine system” (retina, suprachiasmatic nucleus, pineal) and 

consists mainly of pinealocytes, which produce and secrete 

melatonin. In lower vertebrates, they contain functional cir-

cadian oscillators, but in mammals they do not (Falcón et al. 

2009). Furthermore, mammals lack extraretinal circadian 

photoreceptors in the pineal (Bertolucci and Foà 2004). 

Instead, light is perceived in photoreceptors of the rods, 

cones, and melanopsin-expressing retinal ganglion cells (for 

the exceptional circadian system of mammals and its evolu-

tion, see Menaker et al. 1997; Heesy and Hall 2010; Davies 

et al. 2012). The light signals are converted to electric signals 

in this photoneuroendocrine system (Do and Yau 2010). The 

electric signals are propagated via the RHT neurons to the 

SCN. From the SCN the light signaling is conveyed to 

the pineal via the paraventricular nuclei (PVN) of the hypo-

thalamus, the sympathetic preganglionic neurons of the 

intermediolateral cell column of the spinal cord (IML), and 

noradrenergic sympathetic neurons to the superior cervical 

ganglion (SCG) (see Fig. 18.9 and Pévet and Challet 2011 

for the neurotransmitters involved). The SCN output stimu-

lating the PVN derives from two populations of SCN neu-

rons, one active during daytime and the other during 

nighttime.

The pinealocytes in the pineal synthesize melatonin 

(=N-acetyl-5-methoxytryptamine Reiter et al. 2010) during 

the night upon release of noradrenaline from sympathetic 

pineal nerve terminals (for the neurotransmitters used in the 
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pineal, see Stehle et al. 2011). Melatonin is immediately 

released into the blood circulation but also into the cerebro-

spinal fluid and rapidly degraded in the liver. Therefore, its 

plasma concentration precisely reflects its synthesis.

Central and local mechanisms regulate amplitude and 

rhythmic timing of melatonin synthesis from serotonin. 

Although the pinealocytes possess – like most cell types – 

the basic clock machinery, they are not able to produce a 

melatonin rhythm. Instead the rhythm is controlled by the 

SCN and without its sympathetic input there is no rhythm 

(Borjigin et al. 2012).

Melatonin transfers the temporal cues received from the 

SCN to the structures within the brain or the periphery that 

express melatonin receptors (Pévet and Challet 2011) (but 

note that circadian information can be sent from the SCN 

also via nervous or other hormonal signals). In some of them 

such as the pars tuberalis of the hypophysis, the melatonin 

signals drive rhythms; in other targets they synchronize 

peripheral oscillators, such as in the fetal adrenal gland. 

Some of these sites may not be involved in circadian control, 

but instead in photoperiodic responses (see page 56 and 

Chap. 19).

Besides melatonin, the pineal secretes also 

N-acetylserotonin (NAS) rhythmically. At night the levels 

are even higher than those of melatonin. NAS as an antioxi-

dant is even more effective than melatonin. It may thus not 

only serve as the precursor of melatonin (Jang et al. 2010).

The rhythm of pineal melatonin is a very reliable marker 

of the circadian clock. But the phase of melatonin secretion 

varies widely between individuals and strains, as shown in 

rats. This wide variation of melatonin onset in an animal 

model is paralleled by a wide range of circadian chronotypes 

in humans.

Light affects melatonin synthesis not only by its resetting 

effect on the circadian system but has also an immediate 

effect (“masking”) if applied at night. One lux is already suf-

ficient in golden hamster to inhibit melatonin synthesis 

(Brainard et al. 1983). For humans, a fluence response curve 

for immediate inhibition by blue light, which is most effec-

tive, was determined by Brainard et al. (2008).

Melatonin is produced not only in the pineal but also in 

the Harderian gland, the gastrointestinal tract, and the retina 

but is there only of local importance (see Sect. 18.7.4 and 

Hardeland et al. 2011). It is found not only in animals but 

also in bacteria, unicellular eukaryotes, and plants serving 

various tasks (Dibner et al. 2010).

Melatonin acts at the central level as well as at the periph-

ery: it does not only affect the gonads and other centrally 

controlled events but also other tissues of the body and the 

brain (Pévet et al. 2006). Being a small molecule, melatonin 

can pass the placenta and convey circadian and seasonal 

information to the fetus (Stehle et al. 2011).

Melatonin modulates sleep propensity (Cajochen et al. 

2010; Pandi-Perumal et al. 2006; Turek 2005; Gillette and 

Abbott 2005), vascular tone, immune function, controls sea-

sonal reproduction (Sellix and Menaker 2011; Reiter et al. 

2010; Revel et al. 2009), seasonal thermoregulation includ-

ing torpor and hibernation (Saarela and Reiter 1994; 

Heldmaier and Steinlechner 1981; Chap. 12 in Heldmaier 

and Werner 2004), metabolism, energy balance (body weight 

regulation!), and immune responses (references in Barrenetxe 

et al. 2004).

Phase shifting of the SCN clockwork is the central and 

best characterized effect of melatonin (Shimomura et al. 

2010). Treatment with exogenous melatonin can synchro-

nize the SCN (Pévet and Challet 2011). Orally or injected 

melatonin pulses advance or delay the circadian rhythm 

depending on the phase of application. The phase response 

curve to melatonin pulses is similar to that of light pulses but 

displaced by 180° (Lewy et al. 1996). Therefore, melatonin 

can be used in a similar way as light pulses – if properly 

phased, to shift the circadian system. Circadian phase disor-

ders can be treated in this way (Lewy and Sack 1997).

Melatonin shows connections to human diseases as dis-

cussed in Sects. 18.8.3, 18.8.4, and 18.8.5 and by Hardeland 

et al. (2012) and Pandi-Perumal et al. (2013). It is used to 

cure sleep disturbances and insomnia (for instance, in elderly 

people, Fiorentino and Martin 2010), depression, jet lag, and 

shift-work-related sleep cycle disorders (see Sect. 18.8). The 

antioxidant properties of melatonin (Reiter et al. 1999; 

Pandi-Perumal et al. 2012) might protect the skin against UV 

(Reiter et al. 2004).

In seasonally breeding mammals the melatonin produc-

tion in the pineal plays a decisive role (reviews Ikegami and 

Yoshimura 2012; Hut and Beersma 2011; Walton et al. 2011; 

Revel et al. 2009; Morgan and Hazlerigg 2008). The duration 

and magnitude of the melatonin secretion depends on the 

length of the night, which changes during the year especially 

in higher latitudes. In this way seasonal changes are sensed 

by photoperiodically responsive mammals and control repro-

duction (stimulating or inhibiting, depending on the species 

(Stehle et al. (2001), Hoffmann (1981)) and pelage color, 

among others. The length of the night is coded by the dura-

tion of the nocturnal peak of melatonin (Revel et al. 2009; 

Morgan and Hazlerigg 2008). Clock genes in calendar cells 

of the pars tuberalis of the hypophysis, where melatonin 

receptors are strongly expressed, regulate prolactin release 

(Johnston et al. 2006; Lincoln et al. 2003). These cells con-

tain circadian clocks, and the phase relationship between the 

expression of the clock genes Cry and Per1 is set by melato-

nin at dusk, respectively, dawn.

Whereas the photoperiodic timing in the SCN for the mel-

atonin secretion in the pineal uses external coincidence, the 

timing in the pars tuberalis seems to follow an internal coin-
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cidence (see Sect. 18.4.3). As a consequence the transcrip-

tion of downstream genes (prolactin releasing factor?) leads 

to either a long-day cell state or a short-day cell state (Lincoln 

et al. 2002).

Pinealectomy abolishes the photoperiodic response.

18.8  Light and the Human Circadian 
System

The effect of light on the circadian system of mammals has 

been discussed already in Sect. 18.7. A few peculiarities of 

the human circadian system and its responses to light are 

mentioned in the following.

The circadian system governs not only the sleep-wake 

cycle, body temperature, alertness, and efficiency but also 

many other metabolic, physiological, and behavioral events 

such as enzymatic activities in organs, hormonal secretion, 

and so on. There is a long list of circadian clock-driven 

events in man (Minors and Waterhouse 1981).

The sleep/wake cycle (Dijk and von Schantz 2005), body 

temperature, and urine amount and its composition can be 

monitored easily and have therefore often been used as hands 

of the circadian system. Melatonin concentration in the 

blood is a particularly useful measure because it is not much 

disturbed by activities, in contrast to the body temperature 

rhythm. Light has, however, an immediate suppressing effect 

on melatonin concentration (Pévet and Challet 2011; Reiter 

et al. 2010).

The circadian system shows up clearly under isolation 

from external time cues. In a cave or in an isolation facility, 

a person who has no information of the outside time will 

sleep and wake according to its internal circadian clock. By 

continuously measuring the body temperature, the sleep 

time, and the locomotor activity, the period length of these 

parameters can be determined under the light conditions 

given (see, e.g., Johnsson et al. 1979).

However, the design of the recording conditions has to be 

taken into account. Wever (1979) and others (e.g., Weitzman 

et al. 1981; Siffre 1975; Mills 1964) determined an average 

“free run” of about 25 h, but this estimate was too high, as 

discussed by Czeisler and Gooley (2007): the subjects were 

able to self-select their LD cycle. They exposed themselves 

to light during most of the delay portion of the phase 

response curve during wakefulness and to darkness during 

most of the phase-advance portion. As a result of this and 

due to the light intensities used, the free-running periods 

were overestimated (Khalsa et al. 2003; Honma et al. 2003; 

Klerman et al. 1996). Using other protocols such as “forced 

desynchrony,” which had been used already in 1938 by 

Kleitman (1963), period could be measured without the 

influence of the self-selected LD cycles (Duffy and Wright 

2005; Czeisler et al. 1999) and turned out to be much closer 

to 24 h, namely, 24.2 h as an average. To entrain the circa-

dian clock of a person with such a period to the 24 h day, the 

rhythm has to be advanced daily by about 0.2 h (12 min). 

The period of about 25 % of tested persons is less than 

24.0 h, requiring a daily delay, whereas in the remaining 

individuals period is longer, thus requiring a daily advance 

of the rhythm. The interindividual variation in period length 

in humans is much smaller than assumed before (0.55 % 

instead of 30 %, references in Czeisler and Gooley 2007) 

and corresponds now more to the values of other mammals 

such as hamster and mouse. Entrainment thus requires daily 

shifts of less than 1 h.

In the forced desynchrony protocols, the LD cycles used 

were outside of the range of entrainment (e.g., an LD cycle 

of 28 h). If non-24 h cycles inside the range of entrainment 

are used, the observed period length shows a so-called after-

effect, which depends on the imposed cycle length. Subjects 

after a 24.65 h cycle displayed a longer period than subjects 

after entrainment by a 23.5 h cycle and demonstrate the plas-

ticity of the human circadian system (Scheer et al. 2007). 

Blind individuals exhibit a free-run period closer to 24.5 h, 

and the shorter period in sighted subjects might represent an 

aftereffect of the entrained life to 24 h.

18.8.1  Light Synchronizes the Human 
Circadian System

Which time cues synchronize the human circadian system? 

The free-running rhythm of humans can be synchronized to 

the 24 h day by knowing the time of day and by external time 

cues such as light, temperature, noise, or social contact (for 

entrainment by non-photic signals, see Mistlberger and 

Skene 2005). Light plays a much more important role in 

humans than claimed by, e.g., Wever (1979) in earlier stud-

ies, and shorter exposures (Laakso et al. 1993) and lower 

intensities than assumed before are able to entrain the human 

circadian system (Wright et al. 2001).

In man, as in other mammals, the eyes seem to be the only 

places harboring photoreceptors which are able to synchro-

nize or phase shift the circadian rhythms in the SCN, the 

master clock in vertebrates. Findings of Campbell and 

Murphy (1998) that extraretinal photoreception can phase 

shift the circadian rhythm of body temperature and melato-

nin concentration by illuminating the backside of the knees 

could not be verified in later experiments; see Rüger et al. 

(2003) with further references. Recently, Timonen et al. 

(2012) claimed to have influenced the circadian clock by 

light administered via the ear. This needs to be confirmed. 

That the eyes are the only sites for the photoreception is sup-

ported by the following:
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All humans with bilateral enucleation and 20 % of the 

remaining blind people exhibit free-running circadian 

rhythms (“blind free runners,” Emens et al. 2005). In the rest 

either the blindness affects only normal vision of images, but 

not the circadian vision based on the ipRGCs, or other time 

cues are used for synchronization (Mistlberger and Skene 

2005). Occasionally, free run is observed even in people with 

intact vision living in a normal environment (Giedke et al. 

1983; Miles et al. 1977). It is not known why light (and other 

time cues) are ineffective in these people.

As in other mammals, single light pulses are able to phase 

shift circadian rhythms in humans. The phase response curve 

is of the strong or weak type (see page 10), depending on the 

strength and length of the light exposure (Khalsa et al. 2003; 

Minors et al. 1991) (questioned, however, by Duffy and 

Wright 2005 with further references). The human circadian 

system is responsive to light throughout the daytime (and of 

course much more during the nighttime, but under normal 

conditions the daytime light exposure synchronizes the 

human circadian system) without a “dead zone” (see page 10 

and Jewett et al. 1997). A dose-response curve for phase 

shifting the melatonin rhythm by white light exists. Exposure 

to a light intensity of 2,000 lx for 1–3 h increased the magni-

tude of light-induced delays, whereas shorter exposures with 

higher intensities (4,000 and 8,000 lx) do not increase the 

shift further (Dewan et al. 2011). Light exposures of as low 

as 1.5 lx are sufficient to keep the circadian rhythm entrained 

(Czeisler and Gooley 2007). Phase shifting the rhythm by 

intermittent light is more effective than is a continuously 

applied light pulse.

Besides phase the amplitude of the rhythm is an important 

parameter. A first light pulse has been claimed to reduce the 

amplitude of the circadian rhythm in man, which would ren-

der the system more sensitive toward the phase-shifting 

effect of a second light pulse (Czeisler et al. 1989). A light 

pulse of a critical strength applied at a critical phase point 

(subjective midnight) induces arrhythmicity by pushing the 

clock into a singular point (references in Czeisler and Gooley 

(2007); see also page 9).

In order to find out which wavelengths are effective in 

shifting the phase of the circadian rhythm in man, action 

spectra (see Chap. 8) were determined by using the suppres-

sion of plasma melatonin. The results of those experiments 

are compiled and discussed by Brainard and Hanifin (2005). 

Light in the short-wavelength range (459–484 nm) is most 

effective. This differs from the spectral sensitivity of the 

visual system and points to special circadian photoreceptors 

as discussed in Sect. 18.7.3. The circadian rhythms of some 

people completely blind for vision are still entrained, and 

this applies also for suppressing melatonin by light. 

Responsible are the retinal ganglion cells which project 

directly to the SCN. Rods and cones are apparently dispens-

able but serve additionally for entrainment. Longer wave-

lengths are effective in resetting especially at low light 

intensities. The issue of photoreception and circadian 

entrainment has been discussed in Sect. 18.7.4 (for humans 

see also Kronauer et al. 1999). A detailed action spectrum 

which could help to identify the photoreceptors is still miss-

ing. Spectral sensitivity of the retinal ganglion cells to light 

seems to change during the night (Figueiro et al. 2005). The 

background light and the history of previous illumination 

affect the resetting properties of light, but this issue needs 

more studies.

18.8.2  Significance of Light and the Circadian 
Clock in Shift Work and Jet Lag

The circadian rhythm of modern man is often delayed with 

respect to the natural LD cycle. He uses electric light and can 

therefore stay up during the winter time much longer than 

natural daylight would otherwise permit (Cardinali 1998). 

This independence or even insulation from the natural light 

easily leads to permanent sleep deprivation. In addition, 

modern society expects full range services throughout the 

24 h. Traffic, economy, health service, and security have to 

rely on shift work or night work by a considerable part of the 

workers (about 20 % in the industrialized nations, half of 

them on night or rotating shifts).

Normally the circadian clock is in synchrony with the 

daily cycling of external 24 h cycles, and the body can adapt 

to the cyclic demands. Night work and shift work clashes 

with our circadian clock and disrupts this synchrony. The 

internal coherence among oscillations is lost and problems 

may arise. Sleep disturbances and effects on health (Reed 

2011; Erren et al. 2010) and on safety of workers and drivers 

(Philip and Akerstedt 2006; Barger et al. 2005) are due to 

shift work (Kecklund et al. 2012; Saksvik et al. 2011; Arendt 

2010; Folkard 2008) and jet lag (Arendt 2009; Auger and 

Morgenthaler 2009; Coste and Lagarde 2009).

About 10 % of shift workers suffer from shift work disor-

der. The resulting internal desynchrony brings behavioral, 

hormonal, and metabolic rhythms out of phase and increases 

the risk of gastrointestinal problems, cancer, depression, 

heart disease, sleep disturbances, and accidents; it further-

more affects reproductive cycles, menstruation, and preg-

nancy (Mahoney 2010; Su et al. 2008) and decreases 

productivity (Roth 2012).

The synchronizing effect of light on the circadian system 

of man is one of the problems of shift work (Monk 2000). 

For instance, the high fluence rate of outdoor light in the 

morning after a night shift prevents the phase shift of the 

circadian system needed for optimal adjustment of the night 

workers clock (Horowitz et al. 2001). Wearing dark goggles 

is advisable in this case (Eastman et al. 1994). On the other 

hand, light can be used also for adjusting the clock to the 
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shift work schedule, if properly applied (Turek 2005; 

Crowley et al. 2003). Models are used successfully for con-

structing LD cycles which phase shift the rhythm in such a 

way that they align better with shift work and day sleep 

schedules (Jewett et al. 1999b; Martin and Eastman 1998). 

More empirical data from shift work effects on the circadian 

rhythms are, however, needed for detailed simulations of this 

kind (Åkerstedt 1998). Other counteractions consist of light 

exposures at certain times of the circadian cycle (Boivin and 

James 2005) and of using chronobiotics such as melatonin 

(see Sect. 18.7.6 and Arendt (2005)). In using combinations 

of light and melatonin, it should be taken into account that 

the phase-shifting effect of light pulses and melatonin pulses 

is 180° out of phase (Skene 2003).

Whether the internal desynchrony occurs at a peripheral or 

at a central level has been studied by Salgado-Delgado et al. 

(2008) in a rat model. Working and feeding during the sleep-

ing period uncouples metabolic functions from the biological 

clock which remains fixed to the LD cycle. The data suggest 

that in night workers the combination of work and eating dur-

ing working hours may cause internal desynchronization. In 

this connection the quality of sleep and the cognitive perfor-

mance of shift workers and workers with day shift only were 

studied in offshore fleet workers (Hansen et al. 2010). Morning 

types (for testing the chronobiological phase type, see link 

[http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-37910] 

||Chronobiological phase type, page 97) are under higher 

health risk even if treated with bright light (Griefahn and 

Robens 2010).

This internal desynchrony occurs already at the level of 

the first output from the SCN, namely, relaying nuclei of the 

hypothalamus such as the arcuate and dorsomedial nucleus, 

both associated with metabolism and regulation of the sleep/

wake cycle. They transmit temporal signals to other brain 

areas and to the periphery. The SCN itself and the paraven-

tricular nucleus stay, however, locked to the LD cycle 

(Salgado-Delgado et al. 2010). Desynchronization between 

clock and the LD cycle is thus unfavorable or even increases 

mortality (Park et al. 2012).

Jet lag is another problem. The circadian clock cannot 

rapidly adapt to a new LD cycle and this leads to desyn-

chrony. Overviews and practical considerations are provided 

by Kolla and Auger (2011), Arendt (2009), Auger and 

Morgenthaler (2009), Coste and Lagarde (2009), and Revell 

and Eastman (2005). Symptoms can be reduced by proper 

avoidance or exposure to light (Zee and Goldstein 2010). 

Based on the human phase response curve to light pulses, 

one should avoid morning light and expose oneself to eve-

ning light in flying westward but expose oneself to morning 

light and avoid evening light in flying eastward (however, 

flight time and duration influence also adaptation to the new 

time zone). Chronobiotics (melatonin) and behavioral thera-

pies are alternatives (Srinivasan et al. 2008; Touitou and 

Bogdan 2007). A discrepancy between biological and social 

timing leads to chronic sleep shortage and jet lag symptoms 

(social jet lag). It contributes to weight-related pathologies 

such as obesity (Roenneberg et al. 2012).

18.8.3  Light, Sleep, and Sleep Disorders

The sleep/wake cycle and its influence on performance is an 

interplay of the external LD and social cycles and of internal 

oscillators, namely, a circadian clock and a homeostatic 

oscillator. Sleep homeostasis implies that sleep deficit 

increases the intensity and duration of sleep and excessive 

sleep reduces sleep propensity. The circadian system deter-

mines sleep propensity, timing of sleep, and sleep structure 

and consolidates sleep and wakefulness, but the homeostatic 

oscillator contributes also to sleep timing and duration, to 

REM and slow-wave sleep, and furthermore to performance 

parameters such as attention and memory (Dijk and von 

Schantz 2005). The homeostatic oscillator interacts with the 

clock or its outputs according to the circadian principle the 
longer we are awake, the shorter we sleep and according to 

the homeostatic regulation of sleep the longer we are awake, 

the deeper our sleep (Bjorvatn and Pallesen 2009).

The circadian clock gates sleep and wakefulness in such a 

way, that it occurs in synchrony with the LD cycle of the 

environment. The clock stops the production of melatonin 

and increases cortisol secretion and heart rate 2–3 h prior to 

waking up (Cajochen et al. 2010).

The effects of light on sleep have been reviewed by 

Sadeghniiat-Haghighi et al. (2011), Zamanian et al. (2010), 

and Czeisler and Gooley (2007), and various treatments of 

sleep disorders are discussed by Thorpy (2011), Dodson and 

Zee (2010), Bjorvatn and Pallesen (2009), and Blythe et al. 

(2009).

Common sleep disorders are (Reid et al. 2011; Barion and 

Zee 2007; Fahey and Zee 2006):

The rapid time zone change syndrome (jet lag) with 

excessive sleepiness and a reduced alertness during day-

time in people who travel across time zones (Auger and 

Morgenthaler 2009; Dean et al. 2009).

The shift work sleep disorder in people who frequently 

rotate shifts or work at night (Kolla and Auger 2011).

The delayed sleep phase syndrome; affected people (typi-

cally adults) fall asleep at very late times and have diffi-

culties in waking up in time (Rahman et al. 2009; Okawa 

and Uchiyama 2007).

The advanced sleep phase syndrome, in which sleep is 

advanced (frequent in the elderly); affected people are 

sleepy in the evening; sleep onset and waking up is early 

(Caruso and Hitchcock 2010). This syndrome is associ-

ated with a mutation in Per2, a clock gene (Xu et al. 2005; 

Toh et al. 2001).
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The non-24 h sleep-wake disorder, in which an individual 

has a normal sleep pattern but a period deviating from 24 h 

(Okawa and Uchiyama 2007). This syndrome might be 

caused by weakened or missing stimuli. In blind people, 

this disorder is more frequently found (Skene and Arendt 

2007; Das et al. 2006). Timed melatonin or Zopiclone 

treatment and/or bright light treatment was successful in 

this syndrome but is often not used (fewer than 15 % of the 

3,000 blind and visually impaired New Zealanders have 

been prescribed melatonin Warman et al. 2011).

Irregular sleep-wake rhythm disorder, in which a circa-

dian pattern is lacking. It occurs in aging and with neuro-

degenerative diseases, such as Alzheimer’s disease, but 

also in traumatic brain injury and in mentally retarded 

persons (Zee and Vitiello 2009). Causes are degeneration 

or decreased neuronal activity of SCN neurons, decreased 

response of the clock to zeitgeber such as light and activ-

ity, too weak exposure to bright light, lack of social con-

tact and physical activity during the day. This disorder is 

treated by consolidating sleep during the night and wake-

fulness during the day mainly by restoring or enhancing 

SCN zeitgeber. Pharmacologic treatments were negative 

or inconsistent,

Sleep disturbance in psychiatric disorders (Harvey et al. 

2011). Clock genes and dopamin/serotonin have been 

linked to a range of disorders.

Sleep protection and sleep hygiene are important for the 

well being of adults, children and babies including prema-

ture newborns. For the development of the latter and a 

relaxed condition and good clinical conditions, oral feeding 

and a close parent-infant relationship are important. A cor-

rect sleeping-awaking pattern is a key factor for the develop-

ment of the brain. To protect sleep of newborns, the 

environment has to be modified in such a way, that the noise 

level is reduced, a dark (or at least a semi-dark) period is 

offered and the face of the infant protected from direct light 

(Colombo and Bon 2011).

According to Bruni and Novelli (2010) about 20–30 % of 

young children are affected by sleep disorders (problems 

getting to sleep = dyssomnias, sleep terrors and sleepwalking 

= parasomnias). Besides medication such as melatonin, light 

therapy and scheduled waking is used as a safe and protec-

tive intervention for parasomnias (Montgomery and Dunne 

2007).

Gradisar et al. (2011) point to the high incidence of sleep 

disturbance in the youth and in adults (period 1999–2010 

reviewed). Sleep onset is delayed in school students, and this 

delay increases with age of students, which shortens night 

sleep and increases daytime sleepiness. Begin of weekend 

sleep is 2 h later and longer. A worldwide delayed sleep-

wake behavior pattern exists and delayed sleep phase disor-

der is wide spread. A fixed advanced sleep/wake schedule 

with morning blue-light exposure advances circadian phase 

(Sharkey et al. 2011). How important short-wavelength light 

in the morning is has been shown by Figueiro and Rea (2010) 

and is relevant to lighting practice in schools. Wolfson and 

Carskadon (2003) discuss the effects of advanced sleep dis-

order on performance and schoolwork. Kohyama (2011) 

reports that more than 50 % of interviewed Japanese children 

complained of daytime sleepiness, 25 % of insomnia, and 

some of both. It is due to asynchronization, brought about by 

a combination of nighttime light exposure disturbing the 

clock and decreased melatonin secretion, and a lack of morn-

ing light exposure, which prevents synchronization of the 

clock to the 24 h cycle and reduces the activity of the seroto-

nergic system. An early phase of asynchronization results 

from inadequate sleep hygiene. It can easily be resolved by a 

regular sleep-wake cycle. Without adequate intervention the 

symptoms worsen and become chronic.

Sleep disorders are common in millions of older adults, 

which might be partly due to the aging processes of the eye 

lens. As a result the transmission of blue light to the retina is 

reduced. The entrainment of the circadian clock is hampered 

and the risk of sleep disturbances increases. Kessel et al. 

(2011) showed a positive correlation between lens aging and 

sleep disorders and propose that this results from a disturbed 

entrainment.

Additionally, environmental and physiological conditions 

weaken synchronization in the aged. A regular 24 h LD cycle 

promotes synchronization. Evening light exposure benefits 

older adults with early evening sleepiness and does not influ-

ence the quality of the subsequent sleep (Münch et al. 2011); 

low irradiances and 90 min exposure are already sufficient 

(Figueiro et al. 2011). Further studies are needed (Schmoll 

et al. 2011; Figueiro et al. 2009; Gammack 2008).

In treating sleep disorders, shiftwork and jet lag, light 

therapy and melatonin administration are effectively used, 

whereby the timing of the light exposure are important 

(Gooley 2008; Lack and Wright 2007; Dagan and Borodkin 

2005); for practical advices see Dumont and Beaulieu 

(2007).

Subjects in polar regions, where suboptimal light condi-

tions prevail during the dark part of the year were studied 

by Arendt (2012). Their health is affected, and the same is 

true for people in temperate zones with insufficient light 

exposure. If the intensity of light exposure was increased, 

circadian phase advanced and sleep improved. Light rich in 

blue is more effective than white light. In polar regions at 

the south base personnel adapt their circadian system to 

night work within a week, whereas in temperate zones this 

rarely occurs. The same was found on high-latitude North 

Sea oil installations. In both cases conflicts with the envi-

ronmental light are absent, which could explain the faster 

adaptation.
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18.8.4  Shift Work and Cancer

Shift work has increased worldwide and was classified as a 

potential cancer risk by the International Agency for 

Research on Cancer in 2007; for background and practical 

information, see Erren et al. (2010) and Erren (2010). 

Sufficient evidence from animal experiments exist that light 

exposure during the biologic night increases tumor growth. 

There is some evidence that night-shift work causes breast 

cancer (Hansen and Stevens 2011), for which the light expo-

sure during the night could be responsible by reducing mela-

tonin production (Reed 2011).

If night-shift work should indeed increase breast cancer 

rate, blindness should lower the risk and nighttime illumina-

tion in communities should increase it. This was confirmed 

by studies (Stevens 2009b). Furthermore, clock genes have 

been related to breast cancer risk, particularly a Per3 muta-

tion. The same mutation predicts a chronobiological morn-

ing type and shorter sleep duration. Epigenetic influences on 

clock genes might be caused by night light (Stevens 2009a).

However, phase shift of the circadian rhythm, sleep dis-

ruption, lifestyle factors such as diet, less physical activity 

and a high BMI and lower vitamin D as well as endocrine 

influences due to a disturbed clock (Fritschi et al. 2011; 

Costa et al. 2010) could be additional factors increasing can-

cer risk (Humble 2010; Bertone-Johnson 2009). Independent 

of melatonin there is an interaction between sleep and the 

immune system: Sleep disturbances can suppress the immune 

system and increase cancer-stimulatory cytokines. However, 

the causes of cancer are complex and manyfold. An undis-

turbed and good sleep without light interruption could be a 

way of reducing the cancer risk (Blask 2009).

18.8.5  Affective Disorders, Endogenous 
Depressions

Circadian rhythms are not influenced by jet lag, shift work 

and sleep disorders only, but also by several psychiatric dis-

orders. They include affective disorders, in which the ampli-

tude and phase of several rhythms are altered. It has therefore 

been suggested that the clock is changed or its sensitivity to 

zeitgeber such as light or social cues. Non-pharmacological 

(light therapy, sleep deprivation) and pharmacological (lith-

ium, antidepressants, agomelatine, vitamin D) (Parker and 

Brotchie 2011, and Chapter 23) therapies of affective disor-

ders influence circadian rhythms, which might indicate that 

they play a role in these disorders (Schulz and Steimer 2009).

There are several connections between endogenous 

depression and circadian rhythms (Chellappa et al. 2009; 

Germain and Kupfer 2008; Lamont et al. 2007; McClung 

2007), the causes of which are not well understood. Animal 

models could help here (Kronfeld-Schor and Einat 2012; 

Workman and Nelson 2011; Ashkenazy et al. 2009a, b). In 

depressed patients the phase relationship of the circadian 

rhythm to the light sensitivity could be anomalous due to 

some defect in the retina (Steiner et al. 1987). Treatments 

which affect the circadian rhythms and the sensitivity of the 

retina to light have a therapeutic effect (Even et al. 2008; 

Terman and Terman 1999).

A number of disorders in humans are caused by circadian 

desynchrony as a result of improper light schedules. The 

physiological responses are discussed by Antle et al. (2009). 

Clinical aspects of human circadian rhythms are described 

by Klerman (2005) and practical aspects of chronotherapeu-

tics and chronopharmacological aspects by Wirz- Justice and 

Terman (2012), Ohdo et al. (2011), Levi and Schibler (2007), 

and Benedetti et al. (2007).

Four subtypes of depression can be self-treated using 

agents without prescription: neuroticism with Hypericum 
perforatum and antihistamines, malaise (fatigue, aching, 

etc.) in cases of an activated immune system with analgesics, 

demotivation with energizing agents, and SAD with bright 

morning light. Melancholia, however, cannot be self-treated 

and requires hospitalization, if severe (Charlton 2009).

18.8.5.1  SAD: A Recurrent Depression
A special type of depression is the seasonal affective disor-

der (SAD). It was described by Rosenthal et al. (1984), and 

his book (Rosenthal 2006) is a standard introduction. Patients 

show typical symptoms of major depressive disorder, but the 

depressive episodes occur at a characteristic time of the year. 

It affects 0.4–2.9 % of the US population. The figures vary 

between different studies (Howland 2009a; Westrin and Lam 

2007a; Winkler et al. 2006), countries, and cultures (Kasof 

2009). SAD is found also in children (Giedd et al. 1998), but 

not as commonly as in young adults, and is more frequent in 

women. SAD occurs at various latitudes (Kegel et al. 2009; 

Hansen et al. 2008; Mersch et al. 1999) and in both hemi-

spheres (Brancaleoni et al. 2009; Teng et al. 1995). In polar 

regions SAD is rare, but a milder form is reported (Magnusson 

and Partonen 2005).

SAD occurs usually during fall or winter (Madsen et al. 

2012). The cognitive and emotional symptoms are as in other 

types of depression, but the vegetative symptoms are 

reversed, namely, longer sleep and increased appetite. During 

spring the symptoms disappear due to the daylight or a light 

therapy. The latter is effective both in seasonal and in non-

seasonal depression (Fischer et al. 2012; Pail et al. 2011; 

Howland 2009b; Shirani and Louis 2009; Prasko 2008; Even 

et al. 2008; Terman 2007; Michalak et al. 2007; Levitan 2005 

and Golden et al. 2005), but it has, however, to be continued 

during the winter. It is recommended against SAD in 

Canadian, American, and international clinical guidelines.
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Bright light is more effective than dim light (Rastad et al. 

2011), although room light does work in mild cases (Rastad 

et al. 2008). An exposure of 10 min is already sufficient 

(Tanaka et al. 2011) and even the light of light-emitting 

diodes of a “litebook” screen (Desan et al. 2007). Effective 

doses depend on the individual and range from 10,000 lx for 

30 min/day for 8 weeks to 3,000 lx for 2 h/day for 5 weeks. 

Patients sit comfortably in front of the light box and glance 

occasionally at it. The amount of light and the wavelength 

was studied by Anderson et al. (2009). Blue light (Gordijn 

et al. 2012; Pail et al. 2011; Strong et al. 2009) or blue-light- 

enriched white light (Meesters et al. 2011) is more effective 

than standard treatment and red light (Gagné et al. 2011).

Light therapy works for 20–50 % of SAD patients only 

(Terman et al. 1996). Therefore, alternatives or additional 

methods are used such as cognitive-behavioral therapy 

(Rohan et al. 2009), negative air ions (Flory et al. 2010), and 

pharmacological treatments using antidepressants (Westrin 

and Lam 2007b; Winkler et al. 2006). Second-generation 

antidepressants (fluoxetine, escitalopram, duloxetine, rebox-

etine) are, however, not effective (Thaler et al. 2011). An 

alternative way of applying light for SAD treatment via the 

ear canal was used by Timonen et al. (2012). Predictors of 

response to light therapy were studied by Privitera et al. 

(2010). Light might exert its effect via the retina of SAD 

patients, but this has not been verified yet (Lavoie et al. 2009).

According to the phase shift hypothesis, SAD patients 

become depressed, because the circadian clock is delayed 

with respect to the sleep/wake cycle. The severity of symp-

toms does indeed correlate with the degree of misalignment. 

As a therapy, light exposure in the morning phase advances 

the clock and restores the correct phase relationship. An 

alternative treatment is afternoon/evening low-dose melato-

nin application.

A subgroup of SAD patients is phase advanced, and light 

should be administered in the evening and melatonin in the 

morning, but the other type is predominant (Lewy et al. 

2006a, b, 2007, 2009).

The duration of melatonin secretion may be influenced in 

SAD (Salva et al. 2011; Srinivasan et al. 2006), and there-

fore, melatonin might work as a therapy (Lewy 2007; Lewy 

et al. 2006a, b). The binding of monoaminergic ligands in the 

brain changes seasonally, and brain monoamine transmis-

sion is involved in many psychiatric disorders. Seen from a 

phylogenetic standpoint, monoamines adapt the organisms 

and cells to seasonal changes in the environment such as 

light, temperature, and energy resources (Praschak-Rieder 

and Willeit 2012; Ciarleglio et al. 2011; Willeit et al. 2008).

In this connection it has been discussed, whether SAD 

might reflect some kind of photoperiodic reaction in humans 

(Howland 2009b; Levitan 2007; Bronson 2004; Wehr 2001; 

Roenneberg and Aschoff 1990). Photoperiodism in primates 

is well known (Cayetanot et al. 2005; Oster et al. 2002; 

Wehr 2001; Di Bitetti and Janson 2000). Sleep, body weight, 

mood, and behavior in humans are under seasonal control 

(Cizza et al. 2011). However, the influence of temperature 

fluctuations and day length is nowadays much lower due to 

temperature control and the use of artificial light. Sleep has 

shortened, more food is consumed, and the long-term weight 

has increased. Especially in women, who are more predis-

posed to seasonality, SAD might be analogous to hiberna-

tion. It is characterized by depressed mood, hypersomnia, 

weight gain, and carbohydrate craving during the winter.

Hereditary factors seem also to be involved in SAD, as 

evidenced by family history, twin studies, and molecular 

genetics studies (Howland 2009a). The mutated gene 

expressing melanopsin is supposed to increase the risk of 

SAD (Roecklein et al. 2009), reactions of the hypothalamus 

to light might be abnormal (Vandewalle et al. 2011), and 

clock genes might be involved in mental disorders (Lamont 

et al. 2007; McClung 2007).

There are many questions unanswered, before the light/

SAD/clock relations are settled (Klerman 2005). General 

(Partonen and Magnusson 2001) and special literature on 

SAD are by Praschak-Rieder and Willeit (2012), Lewy et al. 

(2006a, b), and two articles in Touitou (1998), and for man-

agement of SAD, see Author (2009) and Lam and Levitan 

(2000).

18.9  Final Remarks 
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19.1             Introduction 

 It has long been observed that light affects the way plants 
grow. Effects of light can be observed on processes and phe-
nomena throughout the plant life cycle, including seed ger-
mination, apical hook opening, stem elongation, leaf 
expansion, the synthesis of photosynthetic and protective 
pigments, stomatal regulation, lateral branching, bud dor-
mancy and fl owering. The vast majority of these effects are 
unrelated to the use of light for photosynthesis and are medi-
ated through a specialised system of photoreceptors that 
informs the plant about its surroundings and directs it to 
develop appropriately. 

  Photomorphogenesis  is a general term encompassing all 
responses to light that affect plant form. Two specifi c classes 
of photomorphogenic response are sometimes distinguished. 
 Phototropic  responses involve the reorientation of plant 
organs with respect to an asymmetry in the incident light, as 
in the case of shoot tips bending to grow towards the light. 
 Photoperiodic  responses are those in which various aspects 
of development are modifi ed in response to changes in the 
daily light/dark cycle and involve a circadian timing mecha-
nism. Developmental features commonly subject to photope-
riodic control include fl owering, bud dormancy and leaf 
senescence. 

 This chapter will give an overview of our current knowl-
edge about the way in which these different responses are 
achieved. We will discuss the discovery and nature of the 

photoreceptors involved in these  phenomena, their physio-
logical roles as determined in the laboratory and their possi-
ble signifi cance in the natural environment. Although lower 
plants also show clear photomorphogenic responses, they 
have in general been less intensively studied, and we will 
restrict this discussion to higher plants.  

19.2     Photomorphogenetic Photoreceptors 

 As with other photobiological responses, an initial step in 
the investigation of photomorphogenic responses was the 
determination of action spectra. Early measurements iden-
tifi ed the blue (BL), red (R) and far-red (FR) regions of the 
spectrum as being particularly important for the control of 
plant growth (e.g. Went  1941 ; Parker et al.  1949 ) and 
formed the point of departure in the search for specifi c 
photoreceptor pigments for light in these wavebands. 
Relatively rapid progress was made in biochemical charac-
terisation of the photoreceptor responsible for R and FR 
responses (Sage  1992 ). In contrast, progress towards iden-
tifi cation of a specifi c BL photoreceptor was limited due to 
the large number of different BL-absorbing compounds in 
the plant with the potential to serve as a photoreceptor 
chromophore and to the lack of a distinctive photophysio-
logical assay. 

 However, the advent of molecular genetic approach from 
around 1990 brought rapid developments in our understand-
ing of the nature, diversity and functions of the photorecep-
tor pigments involved in informational light sensing. Five 
classes of higher plant photoreceptors have now been charac-
terised in detail; the  phytochrome  family of R- and 
FR-absorbing photoreceptors, three different photoreceptor 
families mediating responses in the BL and UV-A regions of 
the spectrum ( cryptochrome ,  phototropin  and  ZTL / FKF1  
families) and the UV-B photoreceptor UVR8 (Fig.  19.1 ). We 
will discuss each of these in turn.  
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19.2.1     Phytochromes 

19.2.1.1     Isolation 
 The main impetus in the early search for photoreceptors 
came from observations that the inductive effects of R on sev-
eral aspects of plant development could be reversed by irra-
diation with FR. The fact that this R/FR reversibility occurred 
for diverse responses suggested that it might be a property of 

a single photoreceptor (Withrow et al.  1957 ). This was proven 
by the purifi cation of a protein that exhibited R-/FR-reversible 
absorption changes. The protein was named  phytochrome , a 
name derived from the Greek words for  plant  and  colour . The 
two forms of phytochrome are characterised by absorption 
peaks at around 660 and 730 nm and are referred to as Pr and 
Pfr, respectively (Fig.  19.1 ). Both Pr and Pfr also have sec-
ondary absorption peaks in the BL region of the spectrum but 

  Fig. 19.1    Characteristics of plant photoreceptors. ( a ) Illustrates 
protein domain structures for the fi ve classes of photoreceptor 
proteins. ( b ) Shows the structures and approximate attachment 
sites of chromophores for each class of photoreceptor, except 
UVR8. The asterix indicates the double bond involved in 
photoisomerization of the phytochrome chromophore. 
( c ) Shows  in vitro  absorption spectra for phytochrome, 
cryptochrome and phototropin redrawn from Butler et al. 
( 1964 ), Lin et al. ( 1995 ) and Christie et al ( 1999 )       

a b

c
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can to some extent absorb light across the visible and near 
UV spectrum. These two forms of phytochrome can be 
repeatedly interconverted by light pulses, and continuous 
light establishes a dynamic equilibrium between them that 
depends on the composition of the light.  

19.2.1.2     Genes and Gene Family 
 The fi rst phytochrome-encoding gene was identifi ed from 
oat seedlings in 1984 by expression screening (Hershey et al. 
 1984 ), and phytochrome genes have been subsequently iden-
tifi ed in many other fl owering plants, as well as gymno-
sperms, ferns, mosses and algae (Mathews  2006 ). 
Phytochrome-related sequences have also been found in a 
wide range of microbes, including cyanobacteria, fungi and 
diatoms, suggesting a very ancient origin (Kehoe and 
Grossman  1996 ; Davis et al.  1999 ; Karniol et al.  2005 ). In 
higher plants, phytochromes are encoded by a small gene 
family. Three ancient branches, phyA, phyB and phyC, date 
back to the origin of fl owering plants and possibly as far 
back as the origin of seed plants (Mathews  2010 ). Within 
angiosperms an additional duplication within the phyB lin-
eage giving rise to phyE seems to be relatively ancient and 
widespread, and independent duplications within the phyA 
and phyB subfamilies have occurred within various taxa 
(Sharrock and Mathews  2006 ). In other cases such as poplar 
and some legumes, the phyC and phyE lineages subsequently 
appear to have been lost (Howe et al.  1998 ; Platten et al. 
 2005a ). Nevertheless, the control of photomorphogenesis 
appears to be dominated by phyA and phyB in most species 
that have been studied in detail, and it is possible that addi-
tional phytochromes merely refi ne this basic programme.  

19.2.1.3     Gene/Protein Structure 
 The generic phytochrome apoprotein has a molecular mass 
of around 125 kDa and consists of two domains; an 
N-terminal domain of 75 kDa that binds the chromophore 
and a C-terminal domain of 55 kDa that consists of two 
regions with homology to histidine kinases (Fig.  19.1 ) 
(Rockwell et al.  2006 ). The fi rst of these C-terminal regions 
contains two PAS domains, which are implicated in protein-
protein interactions. This region also contains a small 
domain that is essential for the regulatory activity of the 
molecule. Gene and protein structure are in general highly 
conserved across the phytochrome family, with the most 
notable difference being small poorly conserved N- and 
C-terminal extensions in phyB-type phytochromes 
(Sharrock and Mathews  2006 ). Phytochromes are synthe-
sised in cytosol in the red-light- absorbing (Pr) confi guration 
and form dimers in vivo. Deletion and point mutation stud-
ies have given some indication of areas of importance for 
determination of the absorption spectrum, photochromicity, 
dimerisation and signal transduction for both phyA and 
phyB (Rockwell et al.  2006 ).  

19.2.1.4      Chromophore 
    The phytochrome chromophore, phytochromobilin (PΦB), 
is an open- chain bilitriene (Fig.  19.1 ), similar to the chro-
mophore for the photosynthetic pigment C-phycocyanin in 
cyanobacteria. Feeding studies combined with analysis of 
chromophore-defi cient mutants have shown that phyto-
chromobilin is formed in plastids by a pathway which 
branches from the pathway for chlorophyll synthesis with 
the chelation of Fe 2+  rather than Mg 2+  to protoporphyrin IX 
(Rockwell et al.  2006 ; Davis  2006 ). Heme is then oxygen-
ised to biliverdin resulting in the opening of the tetrapyrrole 
ring. This is followed by reduction of the A-ring to form 
PΦB. Free PΦB assembles autocatalytically to the phyto-
chrome apoprotein and attaches at its C3 position to a cys-
teine residue in the middle of the N-terminal domain via a 
thioether linkage (Rockwell et al.  2006 ). Photoreversibility 
of the phytochrome holoprotein derives from isomerisation 
of bound PΦB about the double bond between rings C and 
D. It is worth noting that the absorption peaks of the Pr and 
Pfr are red shifted 35 and 100 nm, respectively, relative to 
that of free phytochromobilin conformers. This illustrates 
the importance of the protein environment for the light-
absorbing properties of the chromophore and hence for the 
spectral characteristics of the photoreceptor. PΦB-defi cient 
mutants have been isolated in a range of species and shown 
to carry mutations in structural genes for enzymes in PΦB 
biosynthesis (Muramoto et al.  1999 ; Kohchi et al.  2001 ). 
As a consequence of PΦB defi ciency, these mutants have 
reduced levels of spectrally active phytochrome and exhibit 
strong defects in responses to light that are attributable to 
reduced activity of multiple members of the phytochrome 
family (Parks and Quail  1991 ; Weller et al.  1997b ). All 
 Arabidopsis  phy apoproteins can assemble with PΦB in 
vitro (Eichenberg et al.  2000 ), and it is assumed that all 
higher plant phytochromes utilise PΦB as their sole chro-
mophore in vivo. Some lower plant phytochromes may use 
a related bilin phycocyanobilin (PCB), and microbial phy 
also utilise a wider range of chromophores including bili-
verdin (bacteria) and PCB (cyanobacteria) (Rockwell and 
Lagarias  2010 ; Ulijasz and Vierstra  2011 ).   

19.2.2     Cryptochromes 

 The contribution of a BL-specifi c photoreceptor system to 
de-etiolation was fi rst inferred from observations that BL 
could promote de-etiolation, even in plants grown under con-
tinuous red light (i.e. under conditions which are saturating 
for phytochrome activity). In addition, mutants strongly defi -
cient in phytochrome chromophore synthesis (and hence in 
the activities of all phytochromes) were shown to retain sub-
stantial responsiveness to BL (Briggs  2006 ). The unidenti-
fi ed BL photoreceptor was often referred to as  cryptochrome , 
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from the Greek words for  hidden  and  colour , refl ecting its 
elusive nature. The primary BL photoreceptor in de- etiolation 
was fi nally identifi ed in 1994, after cloning of the defective 
gene in an  Arabidopsis  mutant ( hy4 ) specifi cally impaired in 
de-etiolation under BL (Ahmad and Cashmore  1994 ). This 
photoreceptor is now known as cryptochrome 1 (cry1). A 
second member of the cryptochrome family, cryptochrome 2 
(cry2), was identifi ed by its homology to cry1 (Lin et al. 
 1998 ). As in the case of the phytochromes, these two crypto-
chrome subfamilies have undergone independent duplication 
in certain taxa (Perrotta et al.  2000 ; Platten et al.  2005a ; 
Hirose et al.  2006 ). 

 The CRY1 and CRY2 apoproteins are around 75 kDa in 
molecular mass and have two distinct parts (Fig.  19.1 ). The 
N-terminal half shows similarity to enzymes called photoly-
ases, which are activated by BL and UV light to repair cer-
tain kinds of damage to DNA. In contrast, the C-terminal 
halves of cry1 and cry2 show only a very low degree of simi-
larity to each other and to other known proteins. When 
expressed in  E. coli , the photolyase-like domain binds the 
same two chromophores as photolyases (Fig.  19.1 ) – a fl avin 
(fl avin adenine dinucleotide) and a pterin (methenyltetrahy-
drofolate) (Lin et al.  1995 ; Malhotra et al.  1995 ) – although 
it has yet to be confi rmed that the latter chromophore is uti-
lised in planta. It has been speculated that the pterin chromo-
phore may serve as a kind of antenna and may predominantly 
determine the UV-A/BL-absorbing properties of the mole-
cule, while the fl avin chromophore may be essential to the 
initial signalling reaction (Chaves et al.  2011 ). The FAD 
chromophore is thought to undergo a light-driven redox 
cycle between the oxidised form, which absorbs BL most 
effectively, and a reduced form, which characteristically 
absorbs green light (GL) (Liu et al.  2011 ). This interpretation 
is consistent with observations that GL can antagonise some 
cryptochrome-dependent responses to BL (Chaves et al. 
 2011 ).  

19.2.3     Phototropin 

 Despite the substantial problems encountered in the bio-
chemical search for a BL photoreceptor, this approach did 
prove successful in the identifi cation of the photoreceptor for 
BL-induced phototropism. Work in the lab of Winslow 
Briggs identifi ed a 120 kDa membrane protein that under-
went autophosphorylation after irradiation with BL. The 
action spectrum and various kinetic aspects of this reaction 
showed a close correlation to those for phototropism, sug-
gesting that the protein itself might function as a photorecep-
tor (Briggs  2006 ). The physiological signifi cance of the 
protein was confi rmed by its absence in aphototropic  nph1  
mutants of  Arabidopsis  (Liscum and Briggs  1995 ), and clon-
ing of the  NPH1  gene in 1997 subsequently revealed a pro-

tein with clear characteristics of a BL receptor (Huala et al. 
 1997 ). This protein is now known as phototropin 1 (phot1). 
A second  NPH1 -like gene ( NPL1 ) was also identifi ed and 
subsequently also shown to encode an active phototropin 
photoreceptor (phot2) that functions together with phot1 in 
the BL regulation of phototropism, chloroplast movement, 
stomatal opening and leaf expansion (Kagawa et al.  2001 ; 
Kinoshita et al.  2001 ; Sakai et al.  2001 ; Sakamoto and Briggs 
 2002 ). Phot2 is present in all plants, whereas phot1 appears 
restricted to spermatophytes (Galvan-Ampudia and Offringa 
 2007 ). 

 The phot molecules consist of two distinct halves; a 
C-terminal domain with clear homology to classical serine/
threonine kinases, and an N-terminal half containing two 
domains that each bind a fl avin mononucleotide (FMN) 
chromophore (Fig.  19.1 ). These domains have been termed 
LOV domains for their presence in a range of proteins 
involved in the sensing of  l ight,  o xygen or  v oltage (Christie 
et al.  1999 ). Both FMN chromophores undergo a photocycle 
that involves formation of a cysteinyl adduct and loss of BL 
absorption upon BL exposure. Mutational studies have 
shown that the majority of phot activity depends on the pho-
tochemical activity of the LOV2 domain, while the role of 
LOV1 domain is less clear (Christie and Murphy  2013 ).  

19.2.4     Other LOV-Domain Blue-Light 
Photoreceptors 

 Following the isolation of phototropins, sequence homologies 
and forward genetics identifi ed a second small family of LOV-
domain proteins encoded in the  Arabidopsis  genome (Nelson 
et al.  2000 ; Somers et al.  2000 ). However, outside their single 
LOV domain, these proteins show no similarity with the pho-
totropins, but instead incorporate an F-box domain (implicated 
in protein-protein interactions) and a kelch repeat domain 
(Fig.  19.1 ). Most higher plants have a basic complement of 
two such proteins (ZTL and FKF1) although  Arabidopsis  
itself has an additional protein (LKP2) more closely related to 
ZTL (Schultz et al.  2001 ). It has subsequently been shown that 
LOV domains from these proteins attach FMN chromophore, 
and they are now known to act as photoreceptors regulating 
light-dependent protein turnover in photoperiodic and circa-
dian regulation (see Sect.  19.5.2.1  below).  

19.2.5     UV-B Photoreceptors 

 In addition to the effects of BL and UV-A mediated by the 
phytochrome and cryptochrome families, shorter wavelength 
UV (UV-B) also affects plant growth. At high irradiances 
this is due to the effects of DNA damage, but at low irradi-
ances photomorphogenic effects are also observed (Kim 
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et al.  1998 ). Although phytochromes and cryptochromes can 
contribute to these low-irradiance effects, in some cases they 
have been shown to be independent of known photorecep-
tors, suggesting the existence of a distinct photoreceptor for 
UV-B (Ulm  2006 ). However, it is only recently that this pho-
toreceptor was identifi ed (Rizzini et al.  2011 ) as UVR8, a 
beta- propeller protein with homology to the mammalian 
guanine nucleotide exchange factor RCC1. 

  UVR8  was fi rst identifi ed in screens for  Arabidopsis  
mutants showing increased sensitivity to UV-B damage and 
shown to be absolutely required for developmental responses 
to UV-B under conditions that exclude contribution from 
other known photoreceptors (Kliebenstein et al.  2002 ; Favory 
et al.  2009 ). UVR8 exists as a dimer in the absence of UV-B 
light but reversibly dissociates into monomers after light 
absorption. UVR8 expression does not show conspicuous 
regulation by light, but it does become enriched in the 
nucleus in response to UV-B (Kaiserli and Jenkins  2007 ; 
Favory et al.  2009 ). 

 Unlike many other photoreceptors, UVR8 does not appear 
to require a covalently bound chromophore, and the primary 
perception mechanism seems instead to depend on UV 
absorbance by certain tryptophan residues in the protein 
itself, which are clustered at the dimerisation interface 
(Christie et al.  2012 ). Mutational studies have established 
that substitution of three specifi c tryptophans is suffi cient to 
confer constitutive dimerisation and loss of signalling inter-
actions, but only partial loss of biological activity, suggest-
ing that momomerisation alone is not suffi cient for function 
(O’Hara and Jenkins  2012 ).   

19.3     Physiological Roles of Photoreceptors 

 Considering the number and nature of plant photoreceptors, 
it is easy to see how early attempts to interpret physiological 
observations of photomorphogenesis were hampered by the 
diversity and functional overlap of the photoreceptors 
involved. The identifi cation of photoreceptor-specifi c 
mutants has been essential for the characterisation of the 
functions and interactions of the photoreceptors, and mutants 
continue to be an important tool in dissection of signalling 
pathways. Null mutants have now been identifi ed for each of 
the 13 known photoreceptors in  Arabidopsis , and 
photoreceptor- specifi c mutants have also been identifi ed in 
other higher plant species, notably tomato, rice and pea. 
These have been useful in testing generalisations about pho-
toreceptor function and in studying processes not easily 
studied in  Arabidopsis . Sense and antisense transgenic lines 
expressing altered levels of specifi c photoreceptors have also 
been of use in exploring photoreceptor functions where no 
mutants have been available and in species not convenient 
for mutant analysis. In recent years the availability of genome 

scale approaches has also facilitated analysis of photorecep-
tor involvement in natural variation. 

 As the number of known plant photoreceptors has grown, 
it is becoming clear that many light-regulated processes are 
controlled by multiple photoreceptors, which may interact in 
different ways in different developmental contexts (Casal 
 2006 ,  2013 ). The following sections present an overview of 
what is known about the photocontrol of several of the better- 
studied processes in higher plants. The exception is fl ower-
ing, which is dealt with in Sect.  19.5 . 

19.3.1     Germination 

 In species that exhibit seed dormancy, germination can often 
be induced by a light treatment given to imbibed seed. In 
general, small-seeded species are more responsive than 
large-seeded ones. In a classic study on lettuce seed germina-
tion in the 1930s, Flint and MacAlister found that R was par-
ticularly effective at inducing germination, while FR and BL 
were inhibitory (Sage  1992 ). It was shown subsequently that 
the effect of R could be reversed by FR. In some highly sen-
sitive seeds, including  Arabidopsis , a distinct non-FR- 
reversible phase can be identifi ed. Three hours after 
imbibition, germination of  Arabidopsis  seeds can be induced 
by R in a fully FR-reversible manner, and this response is 
absent in the  phyB  mutant (Shinomura et al.  1996 ). After 
longer periods of imbibition, the sensitivity to light increases 
and, at 48 h germination, can be induced by very small 
amounts of light, including FR, and is therefore no longer FR 
reversible. This second phase is absent in the  phyA  mutant 
(Shinomura et al.  1996 ). 

 These two responses illustrate some more general fea-
tures of phyA and phyB function. PhyB controls responses 
which can be induced by low-fl uence R in the order of 
1–1,000 μmol m −2  and which are reversible by FR. These are 
called low-fl uence responses (LFR) and are a function of the 
amount of phyB in the Pfr form (Fig.  19.2 ). PhyA-mediated 
responses are much more sensitive to light and have a range 
in threshold fl uence approximately four orders of magnitude 
lower than LFR (0.1–100 nmol m  −2 ). These very-low-fl uence 
responses (VLFR) require only a very small proportion of 
phyA (<0.1 %) to be converted to the Pfr form. They can 
therefore be induced by light of any wavelength from 300 to 
750 nm and are not reversible by FR (Fig.  19.2 ). The molec-
ular basis for the difference between these two forms of 
response is not yet understood.  

19.3.2     Seedling Establishment 

 The development of the germinating seedling and its estab-
lishment as a fully autotrophic plant require the coordination 
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of several different light-regulated processes. These include 
inhibition of stem or hypocotyl elongation, apical hook 
opening, opening and expansion of cotyledons and leaves 
and the induction of accumulation of photosynthetic and 
protective pigments. The regulation of these processes by 
light, which is often termed  de - etiolation , can be dramati-
cally demonstrated by the exposure of etiolated (dark-grown) 
seedlings to brief R pulses. Experiments of this kind show 
roles for phyA and phyB that are generally consistent with 
the LFR and VLFR response modes identifi ed in the control 
of germination. These responses also manifest in coordi-
nated changes in the expression of many different genes, 
both nuclear and plastidic (Tepperman et al.  2001 ,  2004 ). 

 Light responses during seedling establishment are more 
commonly studied by growing plants under different irradi-
ances of continuous monochromatic light. The responses 
induced under these conditions are often stronger than those 
observed in response to a single light pulse and are termed 
high-irradiance responses (HIRs). HIRs to continuous BL, 
R and FR have all been reported. The FR-HIR is in most 
cases controlled entirely by phyA, whereas the R-HIR is 
controlled mainly by the phyB-type phytochromes 
(Fig.  19.3 ) (Franklin et al.  2003 ). The exception is in rice, 
where phyC may also contribute to de-etiolation in response 
to continuous FR (Takano et al.  2005 ). PhyA can also act 
under continuous R, but its contribution can often only be 
seen at lower irradiances, where the phyB-type phyto-

chromes are not active (Kerckhoffs et al.  1997 ; Mazzella 
et al.  1997 ). 

 The HIRs can be considered as a series of responses to 
pulses of light, and the fundamental photoreactions have 
been explored by replacing the continuous irradiation with 
intermittent pulses. R-HIR can be effectively induced by an 
R pulse every 4 h in an FR-reversible manner, suggesting 
that the R-HIR is effectively a continuous activation of LFR. 
In contrast, the FR-HIR can be replaced only by FR pulses 
given every 3 min. Under this regime, the effect of the FR 
pulses is reversible by R (Shinomura et al.  2000 ). The 
FR-HIR is therefore distinct from the phyA-mediated VLFR 
and operates by a mechanism fundamentally different from 
phyB-mediated LFR. The molecular basis for these differ-
ences is not yet understood, although recent results suggest 
that the dynamics of degradation and intracellular transport 
play an important role (see Sect.  19.4.1 ). 

 De-etiolation can also be induced by BL. Under high- 
irradiance continuous BL, cry1 is the main photoreceptor for 
de-etiolation responses, with a threshold for activity of 
around 5 μmol·m −2 ·s −1 , whereas at lower irradiances, phyA 
becomes the predominant BL photoreceptor (Fig.  19.3 ). 
PhyB-type phytochromes also make a minor contribution 
under high- irradiance BL that becomes more evident in the 
absence of phyA and cry1 (Poppe et al.  1998 ; Weller et al. 
 2001b ; Platten et al.  2005b ). In  Arabidopsis , the second 
cryptochrome, cry2, is also reported to have a minor role in 

  Fig. 19.2    Action spectra 
for representative 
photomorphogenic responses. 
 LFR -low-fl uence response,  HIR , 
high-irradiance response,  VLFR , 
very-low-fl uence response. Broken 
lines represent reversal of response 
(Redrawn from Withrow et al. 
 1957 ; Hartmann  1967 ; Baskin and 
Iino  1987 ; Carr-Smith et al.  1989 ; 
Shinomura et al.  1996 )       

 

J.L. Weller and R.E. Kendrick



305

the control of seedling light responses under lower-irradi-
ance BL (Fig.  19.3 ) (Lin et al.   1998 ). 

 Temporal differences in the action of different photore-
ceptors are also observed. Immediately following exposure 
of etiolated seedlings to R, phyA is the main photoreceptor 
controlling inhibition of hypocotyl elongation, and phyB 
only becomes predominant after several hours of exposure 
(Parks and Spalding  1999 ). This functional separation is 
similar to the temporal phases observed for phyA- and phyB- 
mediated germination and may be due in part to phyA degra-
dation. Similar analyses have shown that inhibition of 
elongation in response to blue light is mediated initially by 
phot1 for the fi rst 30 min following exposure and then subse-
quently by cry1 and cry2 (Folta and Spalding  2001 ).  

19.3.3     Phototropism 

 Detailed action spectra indicated that the photoreceptor 
responsible for seedling phototropism has an absorption 
peak in the UV-A and a 3-component peak in the BL region 
of the spectrum. Fluence-response curves for induction of 

phototropism by BL pulses resolved two components 
(Liscum and Stowe-Evans  2000 ). The “fi rst-positive” com-
ponent can be induced by fl uences of 0.1–500 μmol m −2  and 
shows reciprocity within a certain fl uence range. The 
“second- positive” component has a similar fl uence threshold 
but is also time dependent, with a minimum time require-
ment of around 10 min.  phot1  mutants lack the fi rst-positive 
response and are completely aphototropic under low irradi-
ances of continuous BL, suggesting that they are also defi -
cient in the second-positive response. However, under 
continuous BL of higher irradiance (>10 μmol m −2  s −1 ),  phot1  
mutants show a normal phototropic response (Sakai et al. 
 2000 ), implying the action of another photoreceptor, subse-
quently shown to be phot2 ( NPL1 ) (Fig.  19.3 ) (Sakai et al. 
 2001 ). The function of phototropin in the control of  hypocotyl 
elongation was initially thought to be restricted to the per-
ception of unilateral B, because  nph1  plants exhibit grossly 
normal de- etiolation responses (Liscum and Briggs  1995 ). 
However, more detailed analyses have shown that phototro-
pins can mediate a more general inhibition of elongation in 
response to B (Folta and Spalding  2001 ; Sakamoto and 
Briggs  2002 ). 

  Fig. 19.3    Irradiance dependence 
for various photomorphogenic 
responses in wild-type and 
photoreceptor mutant seedlings 
of tomato ( a ,  b ) and Arabidopsis 
( c ,  d ), exposed for 24 h to 
monochromatic red or blue light. 
(Redrawn from Kerckhoffs et al. 
 1997 , Weller et al.  2001b , 
Guo et al.  1998 , Sakai et al.  2001 )       

a b

c d
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 Although phyA, phyB, cry1 and cry2 have all been pro-
posed to contribute to the B phototropic response, it is now 
clear that these photoreceptors are neither necessary nor suf-
fi cient for directional light sensing, at least in  Arabidopsis  
hypocotyls. Nevertheless they can modulate expression of the 
phototropic response, by increasing its amplitude or speeding 
up its development. In addition, absorption of R by phyto-
chrome can enhance the subsequent phototropin- mediated 
response to unilateral B (Parks et al.  1996 ). One suggestion is 
that this may an indirect effect resulting from phytochrome 
suppression of gravitropism (Lariguet and Fankhauser  2004 ).  

19.3.4     Shade Avoidance 

 Light responses in established, fully autotrophic seedlings 
are often referred to as shade-avoidance responses. In 
response to shading, stem elongation increases, development 
of lateral organs such as leaves and branches is suppressed, 
and fl owering is accelerated (Casal  2013 ). Vegetational shad-
ing involves changes in both irradiance and spectral quality 
of the light reaching the plant. The main difference in spec-
tral quality is an effective enrichment for FR, which is due to 
the fact that leaves transmit FR but absorb BL and R. The 
term shade avoidance as applied to laboratory experiments 
refers specifi cally to responses induced by manipulation of 
the FR content against a constant background of photosyn-
thetically active radiation (Fig.  19.4 ).  

 Once again, the availability of multiple photoreceptor 
mutants has allowed the control of shade-avoidance 
responses to be dissected in detail. These analyses show that 
phyB/(E)-type phytochromes dominate the response, with 
mutants defi cient in these phytochromes appearing as 
strongly shade-avoiding plants even when grown under high- 
irradiance light of high R:FR (Devlin et al.  1998 ,  1999 ; 
Weller et al. 2000). This indicates that these phytochromes 
act as a simple developmental switch in which Pfr formed 
under light of high R:FR actively initiates photomorpho-
genic responses and this activation is proportionately reduced 
as the photoequilibrium is shifted back towards the Pr form 
by increasing FR supplementation. 

 It was initially assumed that phyA was unlikely to be 
important for shade avoidance, as phyA-defi cient mutants 
show no substantial difference from WT seedlings when 
grown in white light (Whitelam et al.  1993 , Weller et al. 
 1997a ). However, phyA can in fact oppose the phyB-medi-
ated shade-avoidance response by inhibiting stem elongation 
under light of low R:FR ratio (Smith et al.  1997 ; Weller et al. 
 1997a ), and it is clear that the balance of phyA to phyB is 
therefore important in determining the degree of responsive-
ness to changes in R:FR. 

 In addition to changes in R:FR, canopy shade also clearly 
represents a reduction in overall irradiance. This is thought 

to act through both phytochrome and cryptochrome systems 
(Keller et al.  2011 ).  

19.3.5     Chloroplast Movement 

 One important physiological mechanism for short-term 
acclimation to altered light levels is the relocation of chloro-
plasts within mesophyll tissues. Under high irradiances, 
chloroplasts move towards anticlinal cell walls thus reducing 
the amount of intercepted light, whereas under low irradi-
ances, they accumulate along the periclinal walls to maxi-
mise light absorption. These “avoidance” and “accumulation” 
responses occur within 2 h of a change in light conditions. In 
angiosperms these movements are primarily responses to the 
BL spectral region and are mediated exclusively by phototro-
pins but can be modifi ed or enhanced by phytochromes 
(DeBlasio et al.  2003 ; Luesse et al.  2010 ). Interestingly, 
whereas both phot1 and phot2 contribute to the accumulation 
response, the avoidance response is controlled only by phot2 
(Sakai et al.  2001 ).  

19.3.6     Stomatal Opening 

 In general plant stomata tend to be closed in darkness and 
open in response to light, particularly light in the blue region 
of the spectrum. This means that CO 2  uptake and fi xation 

  Fig. 19.4    Shade-avoidance response of wild-type tomato seedlings 
simulated by addition of high irradiance far-red light to the white light 
source, lowering the ratio of red to far-red light from 6.3 to 0.1       
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occur while energy from the light reactions of photosynthe-
sis is available Both phototropins and cryptochromes appear 
to contribute independently to this response with phototro-
pins functioning across a wide irradiance range and crypto-
chromes mainly at higher irradiances (Kinoshita et al.  2001 ; 
Mao et al.  2005 ).   

19.4     Photoreceptor Regulation and Early 
Signalling 

 Most of the classical photomorphogenic responses listed 
above are whole-plant responses and occur on a scale of 
hours to days after fi rst exposure to the light stimulus. Recent 
molecular and genetic dissections are revealing shorter-term 
cellular and molecular and hormonal events underlying these 
responses. While each photoreceptor and photoreceptor 
group participates in distinct signalling networks, it is clear 
that transcriptional regulation, sub-cellular partitioning and 
control of protein stability are common themes across these 
networks. Details of specifi c components within light signal-
ling networks are covered in Chap.   14    . Here we will restrict 
our discussion to regulation of photoreceptor expression and 
early events in photoreceptor signalling. 

19.4.1      Phytochrome 

 Two features considered characteristic of phytochrome in 
early studies were its presence at much higher levels in dark- 
grown than in light-grown seedlings and its rapid disappear-
ance after exposure to light. These features are now known to 
mainly refl ect the properties of phyA. PhyA accumulates as 
Pr in the cytosol and conversion to Pfr after light exposure 
initiates both a rapid proteasome-mediated degradation of 
the protein and a rapid downregulation of  PHYA  transcrip-
tion (Rockwell et al.  2006 ; Hennig  2006 ). PhyA degradation 
is mainly dependent on the CUL1-RING ubiquitin ligase 
pathway (Debrieux et al.    2013 ). Other phytochromes are 
expressed at a much lower level than phyA in dark-grown 
seedlings and are not strongly light regulated. In light-grown 
plants, phytochrome genes are widely expressed around the 
plant at generally similar level across different tissues 
(Goosey et al.  1997 ; Hauser et al.  1997 ) and show regulation 
by the circadian clock (Toth et al.  2001 ). 

 Both phyA and phyB are synthesised in the cytosol in 
darkness and show light-dependent nuclear transport, with 
response modes typical of VFLR and FR-HIR for phyA and 
LFR for phyB (Kircher et al.  1999 ,  2002 ; Hisada et al.  2000 ; 
Gil et al.  2000 ). This implies a major role in transcriptional 
regulation, and indeed, major genome-wide changes in tran-
scription occur within an hour of phytochrome activation 
(Tepperman et al.  2001 ,  2004 ). Other phytochrome responses, 

such as osmotic changes leading to organ movement and cell 
growth, occur much more rapidly, indicating a role for phy-
tochrome in the cytoplasm (Hughes  2013 ). 

 Differences in the dynamics of intracellular transport are 
thought to be a key factor explaining how phytochromes 
with very similar absorbance properties can mediate 
responses with quite different spectral sensitivities. In recent 
years it has become clear that phytochrome nuclear transport 
is facilitated by interaction with proteins that themselves 
possess a nuclear localisation signal (Pfeiffer et al.  2012 ). 
PhyB-type phytochromes undergo relatively slow nuclear 
import, which is facilitated by the PIF family of bHLH tran-
scription factors (Pfeiffer et al.  2012 ), which also act in phy-
tochrome signalling (Leivar and Quail 2010; see Chap.   14    ). 
In contrast, phyA is much more rapidly imported after light 
exposure. This import depends on two related proteins, 
FHY1 and FHL, which physically interact with phyA and 
can shuttle it in both directions across the nuclear membrane 
(Fig.  19.5 ). These two proteins are indispensible for phyA 
nuclear import and for the HIR mode of phyA action 
(Hiltbrunner et al.       2006 ; Genoud et al.  2008 ; Kircher et al. 

  Fig. 19.5    Model for light-induced nuclear transport of phyA, 
(Adapted from Kircher et al.  2011 ; Rausenberger et al.  2011 ). 
Following irradiation, phyA in the cytoplasm is converted to the Pfr 
form and interacts with FHY1/FHL proteins. These proteins in turn 
interact with importin  α , which facilitates the transport of the complex 
into the nucleus. In the nucleus the complex dissociates, and an equi-
librium between photoconversion and degradation is established that 
depends on the spectral quality of the light. The highest levels of the 
active Pfr form are thought to occur under far-red wavelengths, due to 
the fact that these conditions minimize overall phyA degradation by 
protecting it in the inactive but more stable Pr form       
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 2011 ). The most advanced explanation for the distinct action 
spectrum of phyA HIR has invoked an interaction between 
facilitated transport, photoconversion and degradation that 
leads to accumulation of phyA in the nucleus under continu-
ous FR but not continuous R (Rausenberger et al.  2011 ). 

 In addition to their roles in nuclear import of phyA, the 
FHY1 and FHL proteins may guide nuclear phyA into sig-
nalling complexes involving a number of transcription fac-
tors, including LAF1 (Myb type) and HFR1 (bHLH type) 
(Yang et al.  2009 ). The retention of certain responses to FR 
in a  phy1 fhl  double mutant, which is unable to import phyA 
to the nucleus, has provided additional evidence that phyA 
can also act in the cytoplasm (Rösler et al.  2007 ). 

 Despite homology of phytochrome C-terminal domains 
to histidine kinases, and the histidine kinase activity of pro-
karyotic phytochromes (Rockwell et al.  2006 ), plant phyto-
chromes instead show light-dependent autophosphorylation 
characteristic of ser/thr kinase activity (Yeh and Lagarias 
 1998 ), although functionally signifi cant tyrosine phosphory-
lation has also recently been reported (Nito et al.  2013 ). A 
range of functions have been ascribed to phytochrome auto-
phosphorylation. For example, phyA autophosphorylation in 
the N-terminal region impedes the degradation of phyA (Han 
et al. 2010), while phosphorylation of one particular residue 
in  Arabidopsis  phyB may infl uence signalling by increasing 
the rate at which the active Pfr form reverts to the inactive Pr 
form (Medzihradszky et al.  2013 ). 

 Other studies have identifi ed targets of phytochrome 
phosphorylation. Some of these target proteins have also 
been shown to interact physically with phy (Ahmad et al. 
 1998 ; Fankhauser et al.  1999 ; Choi et al.  1999 ; 
 Colon-Carmona et al.  2000 ), but in most cases, evidence is 
still lacking about whether this phosphorylation is direct and 
whether it is functionally signifi cant (Quail  2006 ). Two 
exceptions may be the PIF family of transcription factors 
(Leivar and Quail  2011 ; see Chap.   14    ) and FHY1 (Chen 
et al.  2012 ).  

19.4.2     Cryptochrome 

  CRY  transcription is regulated by the circadian clock (Toth 
et al.  2001 ; Platten et al.  2005b ; Zhang et al.  2008 ), and in 
some species, a strong repression by light has also been 
reported (Platten et al.  2005b ). The  Arabidopsis  cry2 protein 
differs from cry1 in being unstable under high-irradiance BL 
(Lin et al.  1998 ). This is reminiscent of the rapid light- 
induced degradation of phyA but, in contrast, depends 
mainly on the COP1 ubiquitin ligase pathway (see Chap.   14    ; 
Lau and Deng  2012 ; Weidler et al.  2012 ). Both cry1 and cry2 
have been shown to localise to the nucleus (Kleiner et al. 
 1999 ; Matsumoto et al.   2003 ), although studies of a number 
of BL-induced phenomena involving changes in ion fl uxes 

across cell membranes (e.g. Spalding  2000 ) suggest that 
cryptochromes could also be involved in light-driven redox 
reactions outside the nucleus. 

 To date, there is little known about the primary reactions 
of cryptochromes. Autophosphorylation occurs rapidly in 
response to light exposure (Shalitin et al.  2003 ), and the pre-
vailing interpretation of the primary light reaction is that 
light absorption initiates electron transport from the FAD 
chromophore to ATP, which is bound in an adjacent pocket 
(Brautigam et al.  2004 ), and this then facilitates phos-
photransfer to residues in the C-terminal domain. This phos-
phorylation may be supplemented by other protein kinases 
and causes a change in conformation of the molecule such 
that the C-terminal domain becomes exposed to interaction 
with signalling partners, one of which is COP1 (Wang et al. 
 2001 ; Zhang et al.  2006 ; Lau and Deng  2012 ; see Chap.   14    ).  

19.4.3     Phototropin 

 In etiolated seedlings, phot1 is much more abundant than 
phot2 and is downregulated by light, whereas phot2 levels 
increase (Christie and Murphy  2013 ). This may explain the 
greater photosensitivity of phot1 relative to phot2 inferred 
from mutant analyses (Sakai et al.  2001 ). Both phot1 and 
phot2 are predominantly associated with the plasma mem-
brane in dark-grown epidermal and subepidermal cells of the 
hypocotyl and in guard cells (Sakamoto and Briggs  2002 ; 
Harada et al.  2003 ) and partially relocalise to the cytosol in 
response to light (Aihara et al.  2008 ; Wan et al.  2008 ). 
Localisation of phot2 to the Golgi apparatus has also been 
reported (Kong et al.  2006 ), but the signifi cance of this is not 
clear.  PHOT1  gene expression shows circadian regulation in 
 Arabidopsis  and in several other species is strongly down-
regulated in response to light (Kanegae et al.  2000 ). 

 The primary structure of the phototropin C-terminal 
domain clearly identifi es it as a classical ser/thr kinase, and 
single substitutions at a number of conserved residues indi-
cate that autophosphorylation in the kinase activation loop is 
essential for phot function (Inoue et al.  2008a ,  2011 ; Sullivan 
et al.  2010 ). As in the case of cryptochromes, the activity of 
the C-terminal domain of the photoreceptor is constrained in 
darkness by the light-sensing N-terminal half. In darkness 
the phototropin FMN chromophore is bound in a non-cova-
lent manner in a hydrophobic pocket of the LOV domain but 
upon light exposure forms a covalent bond with an adjacent 
cysteine residue (Salomon et al. 2000). This causes a confor-
mational change within the LOV domain, which disrupts its 
interaction with an adjacent alpha-helical region and releases 
activity of the kinase domain (Harper et al.  2003 ). 
Autophosphorylation is implicated in the binding of pho-
totropin to several interacting proteins, and several targets of 
transphosphorylation have also been identifi ed that may 
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 variously act to modulate phototropism (Demarsy et al. 
 2012 ) or mediate phototropin control of stomatal opening 
(Takemiya et al.  2013 ).   

19.5      Photoperiodism 

 The importance of the duration of the daily photoperiod for 
plant development was fi rst noted over 90 years ago. Using 
changes in day length, plants can monitor the time of year 
and predict seasonal change in other environmental variables. 
A number of processes exhibit photoperiodic regulation, 
including the induction of fl owering, the formation of storage 
organs such as bulbs and tubers and the onset of bud dor-
mancy. Of these, it is the induction of fl owering that has been 
studied most intensively. Clear differences in photoperiodic 
responsiveness were fi rst documented by Garner and Allard 
( 1920 ), who classifi ed plants according to whether fl owering 
was preferentially induced under long days (long- day plants 
(LDP)) or short days (short-day plants (SDP)) (Fig.  19.6 ). 
Other early observations indicated that fl owering responses 
could be dramatically altered by low irradiances or short 
exposures to light. This suggested that the light served as a 
source of information rather than of energy and showed pho-
toperiodism to be a truly photomorphogenic phenomenon. 

19.5.1     Light and the Circadian Clock 

 Endogenous rhythms have been observed in plants for more 
than 200 years. However, the importance of an endogenous 
circadian rhythm for the timekeeping aspect of photoperiod-
ism was fi rst suggested in the 1930s by Erwin Bünning 
( 1964 ). In fact, photoperiodism can be thought of as the 
adaptation of circadian timekeeping to the measurement of 
day length. As such it must involve interaction of light sig-
nalling (“input”) and specifi c fl ower induction (“output”) 
pathways with a circadian oscillator or “clock”. One charac-
teristic feature of circadian rhythms is that they show a free- 

running period that is close to but not exactly 24 h. However, 
under daily light/dark (L/D) cycles, the rhythmic outputs 
become synchronised or  entrained  to a period of 24 h exactly. 

 There are generally considered to be two basic models for 
the way in which light might interact with the clock (Thomas 
and Vince-Prue 1997). In the  internal coincidence  model, 
photoperiodic induction results from the increasing overlap 
in phase of two distinct circadian output rhythms. Light 
interacts with the induction process solely by controlling the 
phase and/or period (i.e. entrainment) of the two rhythms. In 
the  external coincidence  model, developed from ideas fi rst 
proposed by Bünning, the circadian clock generates an out-
put rhythm in light sensitivity and photoperiodic induction 
results from the coincidence of an inductive light signal with 
the light-sensitive phase of this rhythm. In this model, light 
has two roles: entrainment of the clock and direct interaction 
with downstream components necessary for the response. A 
third effect of light in photoperiodism may be to infl uence 
output responses directly, without the involvement of a tim-
ing component. The challenge is to understand how the plant 
is able to integrate these signals and generate the appropriate 
response. 

19.5.1.1     Physiological Approaches 
 Detailed physiological investigations of the relationship 
between light and the circadian clock have been performed 
across a wide variety of different species, both SDP and LDP 
(see Thomas and Vince-Prue 1997). These studies have gen-
erated a large amount of complex and often contradictory 
literature. However, there is reasonable agreement on some 
of the more general conclusions, and these are summarised 
below. 

   Short-Day Plants 
 In a fi xed daily cycle, it is clear that changes in day length 
could in theory be detected either as changes in length of the 
light period or of the dark period. It has been established that 
for many SDP it is mainly the length of the night that is mea-
sured, suggesting that processes necessary for fl oral induc-
tion can only take place if the night is longer than a certain 
 critical night length . Interruption of an inductive long night 
with a short-light treatment prevents its effect and delays 
fl owering. In many species, this night-break (NB) response 
is relatively sensitive and has thus been amenable to pulse 
experiments and a detailed photobiological analysis (Thomas 
and Vince-Prue 1997). 

 NB responses in SDP show action spectra typical of 
phytochrome- mediated LFR, for which R is inhibitory to 
fl owering and subsequent FR cancels this inhibition. In this 
response, phytochrome in its Pfr form is clearly acting to 
inhibit fl owering. In addition to the light quality of the NB, 
its timing can also be important, and several different SDP 
species show circadian rhythmicity in the responsiveness to 

  Fig. 19.6    Summary of differences in fl owering responses of short day 
plants ( SDP ) and long-day plants ( LDP ). Open and fi lled bars represent 
light and dark periods, respectively       
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a NB (Fig.  19.7 ), consistent with the external coincidence 
model (Thomas and Vince-Prue 1997). Other light treat-
ments can reset the phase of this rhythm. In some cases, the 
phase- setting effects of light were shown to occur indepen-
dently of effects on fl ower induction, and R was also the 
most effective wavelength for inducing phase shifts. Phase 
shifting has generally been found to require longer exposures 
to light than the NB response. With even longer periods of 
light exposure (>6 h), the phase of the rhythm is no longer 
shifted but suspended and only released approximately 9 h 
after transfer to darkness (Thomas and Vince-Prue 1997). 

 Other studies have shown that in addition to the strong 
inhibitory effect of R shown in the NB response, FR is also 
effective for inhibition of fl owering when given at the end of 
the day or early in the dark period. This clearly suggests the 
action of a second phytochrome, which promotes fl owering 
in its Pfr form. This response does not affect the timing of 
NB sensitivity.  

   Long-Day Plants 
 Until recently, less was known about light requirements in 
LDP photoperiodism. As for SDP, light reactions governing 
fl owering in LDP occur in both light and dark periods, 
although one or the other may predominate in any one spe-
cies. The concept of a critical night length is again relevant, 
but for LDP, nights must be shorter than the critical length 

for plants to fl ower. In some LDP, R NB is effective for pro-
motion of fl owering. Their effectiveness varies during the 
night, and the response can be partially reversed by FR. 
However, unlike in SDP, a clear rhythmicity in responsive-
ness is not observed, and in general, longer periods of light 
are required to elicit a response (Thomas and Vince-Prue 
1997). 

 Light reactions during the photoperiod have also been 
demonstrated in LDP. For example, FR added to a photope-
riod of R or white light (WL) can promote fl owering, with 
rhythmic variation in effectiveness (Fig.  19.7 ). Although 
phase-shifting experiments are much more diffi cult to per-
form in LDP and less conclusive, light-induced changes in 
phase of the rhythm of FR responsiveness have been reported 
(e.g. Deitzer et al.  1982 ). 

 Photoperiodic responses in LDP have more often been 
investigated using extensions of a short, non-inductive pho-
toperiod. Action spectra for the promotion of fl owering by 
photoperiod extensions most commonly show peaks at 
around 710–720 nm, well above the absorbance peak of Pr 
and clearly below that of Pfr (Thomas and Vince-Prue 1997). 
This peak is similar to that seen for the FR-HIR in seedling 
de-etiolation, suggesting the involvement of phyA. However, 
in other species, action spectra with peaks in both R and FR 
have also been reported (Carr-Smith et al.  1989 ), indicating 
that a second phytochrome is probably involved (Fig.  19.2 ). 
In some species, notably crucifers, BL is also effective as a 
day extension.   

19.5.1.2     Genetic Approaches 
 The most detailed understanding of photoperiod response 
has come from studies in  Arabidopsis  (a LDP) and rice (a 
SDP). A number of fl owering mutants or genetic variants 
have also been characterised in other photoperiodic species, 
including the LDP wheat, barley and garden pea and the SDP 
soybean and potato. Not surprisingly, studies of photoperiod 
response mutants and other genetic variants have identifi ed 
photoreceptor, light signalling and circadian clock-related 
genes, as well as a number of other genes that integrate the 
light and clock inputs through output pathways for photope-
riodic fl ower induction. Molecular and physiological analy-
ses of these mutants are providing invaluable information 
about molecular components important for photoperiodic 
responsiveness. 

   Photoreceptor Mutants 
 Early fl owering is also a well-known feature of shade- 
avoidance responses, suggesting that low R:FR acts to deac-
tivate a phytochrome normally acting to inhibit fl owering 
under high R:FR. Mutants for  phyB -like genes in both SDP 
and LDP species show early fl owering under both SD and 
LD, suggesting that these photoreceptors confer general 
inhibition of fl owering in their Pfr form (Devlin et al.  1998 , 

  Fig. 19.7    Circadian rhythms in fl owering responses to light treatments 
in SDP and LDP. ( a ) Rhythmic response of the SDP  Glycine max  (soy-
bean) to a 4 h night-break with white light given at various times during 
an extended night following an 8-h photoperiod (redrawn from Coulter 
and Hamner,  1964 ). ( b ) Rhythmic response of the LDP  Hordeum vul-
gare  (barley) to 6 h of far-red light added at various times during an 
extended photoperiod of continuous white light (redrawn from Deitzer 
et al.  1982 )       

a

b
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 1999 ; Weller et al.  2001a ; Takano et al.  2005 ). The fact that 
relatively long periods of light are necessary for promotion 
of fl owering in LDP, and the similarity of action spectra for 
this promotion to that seen for the FR-HIR in seedling de- 
etiolation, has for some time suggested that phyA might have 
a signifi cant fl ower-promoting role in LDP. This has been 
confi rmed in  phyA  mutants of  Arabidopsis  and pea    (Weller 
et al.  2001a ; Yanovsky and Kay  2002 ). In the SDP rice and 
soybean, phyA mutants instead confer early fl owering 
(Takano et al.  2005 ; Liu et al.  2008 ). 

 As a generalisation, it thus appears that phyA is associ-
ated with photoperiod sensing and has opposite effects in 
SDP and LDP. In contrast, phyB acts to inhibit fl owering in 
both LDP and SDP and under natural conditions is not 
directly involved in time measurement, with a role instead in 
sensing shade. 

 In  Arabidopsis , an important role in the photoperiodic 
control of fl owering has also been demonstrated for the cryp-
tochrome photoreceptor family. Cry2, despite a relatively 
minor effect on seedling photomorphogenic responses, has a 
strong promotive effect on fl owering under LD (Guo et al. 
 1998 ) that is dependent on the activation of phyB (Mockler 
et al.  2003 ). This suggests that the perception of day length 
has become the dominant function of this photoreceptor in 
 Arabidopsis . However, in general, relatively few species 
show strong control of fl owering by BL, and the importance 
of cry2 in photoperiodism may not be widespread. 

 Finally, the ZTL/FKF1 photoreceptors are also intimately 
involved in photoperiod sensing through light-dependent 
regulation of core circadian clock and output components 
(see below). Although this mechanism has primarily been 
elucidated in  Arabidopsis , it seems likely to be conserved, 
and recent evidence in potato does point to a conserved role 
for FKF1 in photoperiod sensing (Kloosterman et al.  2013 ).  

   Photoreceptor Mutants and the Circadian Rhythm 
 Studies of circadian clock properties in photoreceptor 
mutants have shown that multiple photoreceptors contribute 
to the control the circadian period in a manner that closely 
parallels their roles in the control of de-etiolation. In 
 Arabidopsis , phyB-type phytochromes are responsible for 
period shortening under high-irradiance R, while phyA acts 
under low-irradiance R and BL. Cry1 and cry2 act redun-
dantly to shorten the circadian period under BL across a 
wide irradiance range (Somers et al.  1998 ). These results 
suggest that all of these photoreceptors may have the ability 
to contribute to entrainment of the clock under certain cir-
cumstances. However, the signifi cance of this for plants 
growing under high WL irradiances is unclear. Under such 
conditions, phyB and cry1 would be expected to be the pre-
dominant photoreceptors controlling clock period, although 
a quadruple mutant lacking phyA, phyB, cry1 and cry2 can 
entrain normally to WL/D cycles (Yanovsky et al.  2000 a).  

   Circadian Rhythm Mutants 
 Numerous genes essential for correct maintenance of circa-
dian rhythms under light/dark cycles have now been identi-
fi ed in  Arabidopsis  (Nagel and Kay  2012 ), and many of these 
were fi rst isolated in mutant screens for altered fl owering 
time, emphasising the importance of normal circadian regu-
lation for photoperiodism. The key feature of these genes is 
that they affect multiple clock outputs, including rhythmic 
control of gene expression and leaf movement. 

 The  Arabidopsis  circadian clock was initially envisaged 
as a simple transcriptional feedback loop involving three 
components: the closely related myb transcription factors 
 LHY  and  CCA1  and the pseudo-response regulator (PRR) 
homologue  TOC1  (Alabadi et al.  2002 ; Mizoguchi et al. 
 2002 ). Other genes have subsequently been identifi ed that 
are also necessary for circadian rhythmicity under constant 
conditions, including  LUX ,  GI ,  ELF3 ,  ELF4  and other  PRR  
genes (e.g. Park et al.  1999 ; Fowler et al.  1999 ; Hazen et al. 
 2005 ; Farré et al.  2005 ; Nakamichi et al.  2005 ; McWatters 
et al.  2000 ). Inclusion of these genes has necessitated a grad-
ual shift to a more complex model involving multiple inter-
locking negative feedback loops (Nagel and Kay  2012 ) and 
multiple points for light input. Interestingly these compo-
nents have also been identifi ed in other species by virtue of 
their effects on photoperiod response (Turner et al. 2005; 
Hecht et al.  2007 ; Liew et al.  2009 ; Watanabe et al.  2011 ; 
Faure et al.  2012 ; Matsubara et al.  2012 ; Weller et al.  2012 ). 

 As described above, light infl uences the clock in a number 
of different ways. Some of the mechanisms by which this 
occurs are now known. For example, the  LHY  and  CCA1  genes 
both identifi ed as early targets of phytochrome action in tran-
script profi ling of seedling responses to R and FR (Martinez-
Garcia et al.  2000 ). Both genes contain G-box light-regulated 
elements in their promoters and are transcriptionally activated 
by the binding of phytochrome and PIF3. Three positive fac-
tors in light signalling, FHY3, FAR1 and HY5, bind to the 
promoter of  ELF4  and activate its expression (Li et al.  2011 ). 
Phytochrome-dependent light input to the clock may also 
occur through ELF3, a multifunctional protein with a role in 
control of light signalling to the clock (McWatters et al.  2000 ; 
Kolmos et al.  2011 ): potentially by direct physical interaction 
of phytochromes with ELF3 (Liu et al.  2001 ). In a third exam-
ple, the ZTL and FKF1 blue-light receptors have been shown 
to regulate the stability of TOC1 by targeting it for proteasome-
dependent degradation (Mas et al.  2003 ; Baudry et al.  2010 ).    

19.5.2     Signalling in Photoperiodism 

19.5.2.1      Long-Distance Signalling in Evocation 
of Photoperiod Responses 

 The sensitivity to fl ower-inducing light signals varies tre-
mendously among different species. In many cases the site at 
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which light is perceived can be separated from the eventual 
site of fl ower formation, indicating the existence of some 
form of long-distance communication. This has been studied 
in classic physiological experiments involving grafting, leaf- 
removal and differential exposure of different parts of the 
plant and more recently through transgenic approaches to 
drive gene expression in specifi c tissues. Experiments of this 
kind have provided evidence for a promoter of fl owering 
(often called “fl origen”) as the main long-distance signal in 
the photoperiod response, although a role for inhibitory sig-
nals has not been defi nitively excluded. 

 Speculations about the nature of the fl oral regulators have 
considered known plant hormones (gibberellins, cytokinins), 
various metabolites (sugars, polyamines) and, more recently, 
specifi c RNA molecules and proteins. Over recent years, 
numerous detailed studies have identifi ed a major role for 
genes in the  FT  family as integrators of multiple external and 
internal signals controlling fl owering, including photoperiod. 

 FT  genes encode small proteins with homology to mammalian 
phosphatidylethanolamine- binding proteins, and in 
 Arabidopsis  and rice, it has been conclusively established that 
FT proteins act as fl origens (Andres and Coupland  2012 ; 
Brambilla and Fornara  2013 ). In  Arabidopsis ,  FT  transcription 
is low under SD but is activated in vascular bundles under LD, 
and FT protein is translocated from phloem companion cells 
to the shoot apex, where it enters the shoot apical meristem 
(Corbesier et al.  2007 ; Jaeger and Wigge  2007 ; Mathieu et al. 
 2007 ). In rice, two distinct  FT -like genes,  Hd3a  and  RFT1 , 
are, respectively, activated under inductive SD and non-induc-
tive LD and encode SD- and LD-specifi c fl origens (Tamaki 
et al.  2007 ; Komiya et al.  2009 ; Tsuji et al.  2011 ). 

 In both  Arabidopsis  and rice, FT proteins reaching the 
SAM enter the nucleus and bind to the bZIP transcription 
factor FD to induce expression of infl orescence identity 
genes in the MADS-domain family (Abe et al.  2005 ; Wigge 
et al.  2005 ; Taoka et al.  2011 ). In rice, a more detailed picture 
has recently emerged in which FT proteins after entering 
cells in the SAM fi rst bind to 14-3-3 proteins in the cyto-
plasm before moving to the nucleus and forming a ternary 
complex with FD (Taoka et al.  2011 ).  

19.5.2.2     Genetic Analysis of the Photoperiod 
Response Mechanism Measurement 

 Over the past 10 years, there has also been intense interest in 
the mechanisms by which photoperiod regulates  FT  genes 
and, in particular, how light and the circadian clock may 
interact. These mechanisms have been elucidated in two spe-
cies, rice and  Arabidopsis , and this comparison provides the 
fi rst detailed molecular understanding of how plants can 
respond in an opposite manner to photoperiod cues. However, 
the taxonomic distance between these two species for the 
moment gives only limited insight into how these different 
mechanisms may have evolved. 

    Arabidopsis  
 In  Arabidopsis , attention has focused mainly on  CONSTANS , 
a nuclear protein with motifs suggestive of a role in regula-
tion of transcription and/or protein-protein interaction. CO is 
a potent promoter of fl owering, and its direct and major regu-
latory target is  FT  itself (Samach et al.  2000 ; Wigge et al. 
 2005 ). CO protein binds to the  FT  promoter in association 
with other transcription factors (Song et al.  2012a ; Kumimoto 
et al.  2010 ; Tiwari et al.  2010 ) and is therefore likely to acti-
vate  FT  expression directly. A series of studies have provided 
evidence that a high level of CO protein is necessary for acti-
vation of  FT  expression and only occurs when high levels of 
 CO  expression coincide with light, which in turn occurs only 
in the afternoon of LD photoperiods, and is thought to 
explain the LD fl owering response of  Arabidopsis  (Fig.  19.8 ).  

 It is now known that both transcriptional and post- 
transcriptional mechanisms contribute to the regulation of 

  Fig. 19.8    Model depicting the molecular basis for the photoperiod 
response in Arabidopsis. Light infl uences the rhythmic induction of 
FT through transcriptional and post-translational regulation of 
CONSTANS. At least four photoreceptors play a signifi cant role in this 
regulation (Redrawn from Andres and Coupland ( 2012 ))       
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CO protein level.  CO  transcription is controlled by the circa-
dian clock, with a peak around dusk in LD and early in the 
night in SD, and consistent with this,  CO  transcript levels 
and/or rhythms are altered in many of the clock mutants 
described above. In addition, the FKF1 photoreceptor pro-
motes  CO  expression in the afternoon through blue-light- 
dependent degradation of CDF proteins, which are Dof-type 
transcription factors that bind to the  CO  promoter and inhibit 
 CO  transcription (Fig.  19.8 ) (Imaizumi et al.  2005 ). Several 
other proteins that regulate  CO  transcription have been 
described, but their function is not yet well understood 
(Morris et al.  2010 ; Ito et al.  2012 ). 

 Other studies have shown that post-transcriptional regula-
tion of CO is also important for the photoperiod response 
(Valverde et al.  2004 ; Zuo et al.  2011 ). In the middle of a LD 
photoperiod, a phyB-dependent mechanism promotes the 
proteasome-dependent degradation of CO protein, but in 
the evening this degradation is opposed by light through the 
action of phyA and cry2, stabilising CO and allowing the 
activation of  FT  (Fig.  19.8 ). While the mechanism by which 
phytochromes regulate CO stability is not yet clear, two 
mechanisms for BL-dependent stabilisation of CO have been 
outlined. Cry2 antagonises the dark-dependent degradation 
of CO by the COP1/SPA E3 ubiquitin ligase complex (Zuo 
et al.  2011 , Chap.   14    ), while the FKF1 photoreceptor stabi-
lises CO through a direct interaction (Song et al.  2012b ). As 
both FKF1 and CRY2 proteins are most abundant in the 
afternoon under LD, both of these mechanisms contribute to 
maintaining a high level of CO protein specifi cally under LD. 

 The photoperiod response in  Arabidopsis  therefore 
depends on circadian regulation of CO expression, and on 
complex interactions between multiple photoreceptor inputs, 
that act to entrain the circadian clock (phyA, phyB, cry1, 
cry2), to otherwise regulate clock components (ZTL), to 
activate CO transcription (FKF1) and to regulate CO protein 
stability (phyA, phyB, cry2, FKF1).  

   Rice 
 In rice, the  CO -like gene  Hd1  has also been shown to be 
important for photoperiod responsiveness. However, in con-
trast to  Arabidopsis  CO, Hd1 has a dual role, contributing to 
upregulation of  Hd3a  and induction of fl owering under SD but 
also acting to repress  Hd3a  and inhibit fl owering under non-
inductive LD (Hayama et al. 2002).  Hd1  expression shows a 
diurnal expression rhythm, but in contrast to  Arabidopsis CO , 
the coincidence of light and  Hd1  expression that occurs under 
LD represses rather than promotes fl owering (Fig.  19.9 ).  Hd1  
expression during the light phase in SD can be increased, and 
fl owering delayed by overexpression of the rice  GI  ortholog 
(Hayama et al.  2003 ; Ishikawa et al.  2011 ), suggesting a con-
served role for  GI  and clock regulation of  Hd1 . Interestingly, 
Hd1 requires phyB to inhibit fl owering, but the nature of this 
interaction is not yet clear (Ishikawa et al.  2011 ). 

 In addition to this  Hd1 -dependent pathway, the photope-
riod response in rice also involves an Hd1-independent path-
way. This pathway features two other genes not conserved in 
 Arabidopsis :  Ehd1 , a B-type response regulator that promotes 
fl owering and  Hd3a / RFT1  expression in SD, and  Ghd7 , a 
CCT-domain protein that represses  Ehd1  expression in LD 
(Fig.  19.9 ). In SD,  Ehd1  is upregulated in the morning through 
a BL-dependent mechanism involving  GI  (Itoh et al.  2010 ), 
whereas in LD,  Ehd1  is repressed in the morning by 
phytochrome- dependent induction of  Ghd7 . A shift in the sen-
sitive phase for phytochrome induction of  Ghd7  from morning 
in LD to midnight in SD explains both the SD-specifi c  Ehd1  
expression and the ability of a short night break to repress this 
expression and promote fl owering (Itoh et al.  2013 ). 

 The photoperiodic control of fl owering in rice thus essen-
tially consists of two linked external coincidence  mechanisms 

  Fig. 19.9    Genetic model depicting the network controlling photope-
riod-responsive fl owering in rice (Redrawn from Itoh and Izawa 2013; 
Brambilla and Fornara  2013 ). Weak and strong effects are indicated by 
dashed and solid lines respectively. Circles indicate gating of light sig-
nals by the circadian clock       
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and at least two photoreceptor systems. Given the impor-
tance of diurnal expression rhythms in these mechanisms, it 
is not surprising that roles for other clock components such 
as  ELF3  are also beginning to emerge (Saito et al.  2012 ). 

 It is clear that powerful molecular genetic studies com-
bined with careful physiological studies have enabled 
 substantial recent progress in answering several of the long-
standing questions in higher plant photoperiodism: the 
molecular mechanisms underlying the photoperiod response, 
the basis for the difference between LDP and SDP responses, 
and nature of mobile signalling in photoperiodism. We can 
look forward to continued rapid progress on all three fronts.     

19.6     Photomorphogenesis and 
Phototropism in the Natural 
Environment 

 In discussing the signifi cance of photomorphogenesis in the 
natural environment, several things must be kept in mind. We 
need to consider the changes that may occur in the properties 
of light reaching the plant, the kind of information plants 
may extract from these changes, and the way in which this 
information might be converted into an appropriate develop-
mental response. 

 Most plants have adopted a sedentary habit and are there-
fore committed to adapt to changes in their environment by 
developmental plasticity. Natural selection is therefore likely 
to have favoured modifi cations of development that maximise 
energy capture or that improve the ability of the plant to resist 
detrimental effects of light. In addition, correlation between 
changes in light environment and other environmental vari-
ables such as cold or drought are also likely to have favoured 
crosstalk between light signalling and other signalling path-
ways and the exploitation of light information as a predictive 
signal. Conditions of continuous selection would also result in 
pressure to extract increasing amounts of information from 
light, through an ability to monitor more subtle changes. This 
in turn could conceivably have supported the evolution of 
multiple photoreceptors with diverse light-sensing properties. 

 Speculations about the importance of photoreceptors in 
the natural environment have been largely based on studies 
of mutants and transgenic lines grown as single plants in 
controlled-environment conditions, combined with an intui-
tive appreciation for the developmental predicament of the 
plant. However, they have recently begun to receive solid 
support from experiments conducted under natural and/or 
competitive conditions (Ballare  1999 ). 

19.6.1     Improving Energy Capture 

 In general, higher plants have two strategies to increase 
their capture of energy. They can either gain access to more 

energy by extending their growth into areas of stronger light, 
or they can more effi ciently capture the energy already reach-
ing them. 

 Measurements of light quality in the natural environment 
have shown that changes in the amount of light due to cloud 
cover or the time of day are accompanied by relatively small 
changes in its spectral distribution (Franklin and Whitelam 
 2005 ). In contrast, chlorophyll-containing tissues absorb 
effi ciently in the R and B region of the spectrum but transmit 
and refl ect a substantial proportion of light in the FR wave-
band. Thus, the presence of plants affects the local light envi-
ronment by causing a measurable decrease in the ratio of R 
to FR light energy. This may occur by the fi ltering out of R 
and/or by increased lateral refl ection of FR. However, it is 
particularly signifi cant that increases in lateral refl ection of 
FR from neighbouring plants occur prior to any reduction in 
the amount of photosynthetically active R and BL wave-
lengths (Ballare et al.  1990 ). An increase in the amount of FR 
is thus an unambiguous signal to the plant that potential 
competitors are growing nearby. Where this signal is unidi-
rectional, the appropriate response of the plant is obviously 
to redirect its growth away from the other plants. In a denser 
population, the gradient in FR will not be as great, and the 
response may also include an increase in overall growth rate. 
Although the horizontal and lateral components of the 
response to shading are often treated separately as phototro-
pism and shade avoidance, it is more appropriate to consider 
both responses as aspects of a strategy in which the plant is 
actively “foraging” for light (Ballare et al.  1997 ). 

 A negative phototropism in response to increases in lat-
eral FR refl ected from neighbouring plants has been demon-
strated in cucumber. This response is completely lacking in a 
phyB-defi cient mutant, indicating that in addition to its role 
in shade avoidance, phyB is also important for the detection 
of non-shading neighbours (Ballare et al.  1992 ). The exis-
tence of additional phyB-type phytochromes with differing 
roles at different stages of development suggests that plants 
are still evolving to fi ne-tune their capacity for shade avoid-
ance and neighbour detection and emphasises the importance 
of these responses for the plant. 

 As the canopy closes or population density increases, 
increases in the leaf area index also occur, and as a result the 
light energy in the R and BL wavebands decreases. Under 
such circumstances, a plant may also be exposed to a lateral 
gradient in BL and show a positive phototropic response. 
The phyB-defi cient mutant of cucumber retains the ability to 
respond to such a gradient (Ballare et al.  1991 ), implying the 
action of a BL photoreceptor, which is most probably pho-
totropin, under conditions of deep shade, where it is likely 
that the observed growth responses result from a reduction in 
activity of several photoreceptors including the phyB-type 
phytochromes, cry1 and phototropin (Ballare  1999 ). Without 
phyA however, seedlings cannot sense the FR transmitted 
through the canopy and do not de-etiolate, indicating that 

J.L. Weller and R.E. Kendrick



315

phyA may be essential for maintaining a degree of de- 
etiolation in highly competitive situations (Yanovsky et al. 
 1995 ). 

 Under shade conditions many plants may also increase 
their effi ciency of light capture, by modifying various fea-
tures of their photosynthetic organs. Depending on the spe-
cies, this may include modifi cation of light harvesting 
complex composition, chloroplast organisation, orientation 
or position and leaf shape, size or thickness (Terashima and 
Hikosaka  1995 ; Vogelmann et al.  1996 ; Mullineaux and 
Karpinski  2002 ). Acclimation to shade is therefore a com-
plex phenomenon but does at least in some cases involve 
responses that can be considered photomorphogenic such as 
leaf reorientation (Inoue et al.  2008b ). The fact that phototro-
pins control chloroplast orientation and stomatal aperture 
also clearly implies an important role in the regulation of 
photosynthesis (Boccalandro et al.  2012 ). However, in gen-
eral the contribution of photomorphogenic photoreceptors to 
photosynthetic acclimation is not yet well understood.  

19.6.2     Light and the Seed Habit 

 Other adaptive responses to light seem to have arisen with 
the development of the seed habit. Control of seed 
 germination is important to allow seedling to develop in 
favourable light environment. Particularly for small-seeded 
species germinating under the soil surface, seedlings must be 
able to emerge into full light before the seed energy reserves 
are exhausted. The extremely low fl uences of light needed to 
induce germination of some species can be understood as a 
signal to the seed that it is near the soil surface before mak-
ing the irreversible commitment to germinate. In other spe-
cies, the higher light requirement and R/FR reversibility of 
germination may refl ect a strategy to preferentially promote 
germination under gaps in the canopy (Casal and Sanchez 
 1998 ). 

 Investment of energy in the seed has allowed a period of 
time in which seedlings can develop independently of the 
need to photosynthesise. In effect this provides a longer 
period of time over which the seedling can integrate informa-
tion about its light environment and adjust its development 
appropriately. In combination with the seed habit, many spe-
cies have developed a growth strategy of etiolation in which 
they are able to suppress normal light-regulated leaf develop-
ment and elongate rapidly growing in darkness. This could 
conceivably have been favoured in evolution because it 
increases the effi ciency with which the plant uses stored seed 
reserves but also because its rapid emergence into the light 
after germination will maximise competitive advantage. 
However, along with this strategy comes the need for antici-
pation of imminent emergence into the light environment, 
and a rapid response immediately following emergence. 
PhyA does appear to serve this purpose under natural condi-

tions, and it is conceivable that some of the distinct features 
of phyA could have arisen in response to this pressure 
(Mathews  2006 ).  

19.6.3     Avoidance or Survival of Unfavourable 
Conditions 

 In addition to useful light for photosynthesis, sunlight also 
contains potentially damaging UV wavelengths. Various 
phenylpropanoid pigments including sinapates and fl avo-
noids absorb UV and reduce its damaging effects on the 
plant (Bieza and Lois  2001 ). The production of these pig-
ments in many cases is strongly induced by light as a result 
of increased expression of certain genes in phenylpropanoid 
metabolism (Shirley  1996 ; Ryan et al.  2001 ). In many cases, 
this induction is strongest in young seedlings and immature 
leaves, which are more susceptible to UV damage. 

 It is also possible that light can also serve as an indirect 
signal of other adverse aspects of the environment. For 
example, the fact that in some species light can act to inhibit 
germination can be understood in terms of the need for a 
damp environment and a correlation between reduced water 
availability near the soil surface and increased light levels. A 
similar association could explain the negative phototropism 
of some roots, and experimental evidence supporting this has 
recently been reported (Galen et al.  2007 ). The action of 
phot1 allows roots near the surface to reorient and grow 
downwards into the soil, with consequences for the avail-
ability of water to those roots and performance under drought 
conditions (Galen et al.  2007 ). 

 A more complicated kind of correlative selection may 
underlie many seasonal responses. Factors such as tempera-
ture and water availability can clearly become limiting at 
certain times of year in some environments, and many plants 
are able to avoid the deleterious effects of these seasonal 
extremes through suppression of normal growth and the 
adoption of various survival strategies. These include seed 
and bud dormancy, formation of storage organs and initia-
tion of fl owering, which can be timed so as to allow the 
reproductive cycle to be completed before unfavourable 
conditions return. Changes in limiting factors of tempera-
ture and water availability can act directly as triggers for 
these changes (as seen in cold temperature requirements for 
germination or fl owering). However, although seasonal, 
these factors are also subject to irregular short-term varia-
tion, whereas change in day length is a much more constant 
and reliable indicator of season from year to year. In gen-
eral, the degree of photoperiod responsiveness is an impor-
tant aspect of adaptation to growth at a given latitude 
(Thomas and Vince-Prue 1997). 

 As the molecular basis for light and photoperiod responses 
has become better understood, increasing numbers of studies 
are turning towards an investigation of the ecological 
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 signifi cance of observed genetic variation or the genetic 
basis for natural variation in plant responses. Notable recent 
examples include demonstrations of the contribution of the 
phyC photoreceptor to natural variation in  Arabidopsis  fl ow-
ering time (Balasubramanian et al.  2006 ), the role of  FT  
homologues in latitudinal variation in seasonal dormancy in 
poplar (Böhlenius et al.  2006 ) and the fi tness consequences 
of genetic variation in  Arabidopsis  circadian clock function 
(Michael et al.  2003 ).   

19.7     Concluding Remarks 

 Considering that plants are fi xed in one place and dependent 
on light as an energy source, it is not surprising that sophisti-
cated mechanisms have evolved enabling them to modify 
their development in response to light and thus to better com-
pete with their neighbours. Persistent selective pressures for 
extracting more subtle information from the light environ-
ment have favoured the evolution of several distinct photore-
ceptor systems. For the most part, these systems act 
synergistically, increasing the general sensitivity of the plant 
to light. However, some photoreceptors have developed dis-
crete light-sensing abilities, which may be linked to specifi c 
physiological and ecological roles. 

 The past 30 years have seen major advances in our under-
standing of the photoreceptors involved in photomorphogen-
esis and the defi nitive identifi cation of some of the molecular 
and cellular processes required for expression of light 
responses. We still do not fully understand the complexities 
of signal transduction or the network of interactions between 
light, plant hormones and other factors. Nevertheless, the 
genetic and molecular tools are now available to enable a 
thorough analysis of these aspects of photomorphogenesis 
over the coming years. Greater understanding of photomor-
phogenesis will bring an increased ability to manipulate 
plant light responses for practical purposes, such as in the 
control of density-dependent shading, fl owering and yield in 
horticultural and crop plants. It will also help us to better 
understand the origins and adaptive signifi cance of natural 
variation in growth habit and fl owering phenology.     
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20.1            Introduction 

 The use of directional information from the Earth’s magnetic 
fi eld for compass orientation has been demonstrated in a large 
variety of animals across different taxa. Behavioral and physi-
ological evidence suggests two possible mechanisms that 
could independently allow the detection of magnetic proper-
ties (for reviews see Wiltschko and Wiltschko  1995 ,  2005 ; 
Freake et al.  2006 ; Johnsen and Lohmann  2008 ): (1) a light-
dependent biochemical process detecting the axial alignment 
and inclination angle of the geomagnetic fi eld lines, providing 
the animals with directional magnetic information for mag-
netic compass orientation (inclination compass), and (2) a 
magnetite-mediated process, providing magnetic map infor-
mation from spatial variation in the intensity and/or inclina-
tion of the geomagnetic fi eld (map or signpost sense). The 
functional properties of the magnetic compass of most ani-
mals studied to date can be assigned to either one of the two 
groups, consistent with either a light- dependent mechanism or 
a non-light-dependent, magnetite- based mechanism. This 
chapter focuses on the light-dependent process of magnetore-
ception, summarizing the state of the art of behavioral, physi-
ological, neurobiological, and biophysical evidence supporting 
the involvement of light in magnetic compass orientation.  

20.2     Behavioral Evidence for 
Light- Dependent Magnetoreception 

 Behavioral experiments have conclusively identifi ed light 
to be a key prerequisite for the primary magnetoreception 
process in a growing number of organisms including birds, 

amphibians, and some insects (Phillips and Borland  1992a ; 
Phillips and Sayeed  1993 ; Wiltschko et al.  1993 ,  2010 ; 
Deutschlander et al.  1999b ; Muheim et al.  2002 ; Vacha and 
Soukopova  2004 ; Phillips et al.  2010a ). In addition, there is 
strong (albeit indirect) evidence that also C57BL/6J mice 
have a light-dependent magnetic compass (Muheim et al. 
 2006 ). Magnetic compass orientation independent of light 
has only been shown in a few exceptions, like the subter-
ranean mole rats (Marhold et al.  1997 ) and sea turtles 
(Lohmann and Lohmann  1993 ). In the case of the mole 
rats, magnetic compass information has been shown to be 
mediated by a magnetite-based mechanism (Thalau et al. 
 2006 ). It is well possible that these exceptional cases are 
the result of an adaptation to the specifi c lifestyles of these 
organisms. As a general conclusion drawn from recent 
knowledge, animals need access to light of a specifi c wave-
length range and intensities to be able to perceive magnetic 
compass information. 

20.2.1     Light-Dependent Magnetic Compass 
Orientation in Insects 

 Magnetic compass orientation in adult and larval  Drosophila  
and mealworm beetles ( Tenebrio  spp.) depends on the wave-
length of light: animals trained towards a light gradient under 
UV light orient towards the trained magnetic direction of the 
light gradient when tested in a uniform arena under short- 
wavelength light (<450 nm). When tested under long- 
wavelength light (>450 nm), they shift their orientation by 
~90° relative to the trained magnetic direction (Phillips and 
Sayeed  1993 ; Dommer et al.  2008 ; Vacha et al.  2008 ). This 
suggests that these insects possess a light-dependent magnetic 
compass with antagonistic short- and long-wavelength inputs. 
The spectral dependencies of magnetic compass orientation in 
both  Drosophila  and  Tenebrio  are compatible with a crypto-
chrome-based mechanism in which the magnetic fi eld has 
antagonistic effects on short- and long- wavelength photo-sig-
naling pathways (see below; reviewed by Phillips et al.  2010a ).  
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20.2.2     Antagonistic Spectral Mechanism 
Mediating Magnetic Compass 
Orientation in Amphibians 

 Similar 90° shifts in orientation under longer wavelengths 
have also been described in newts and frog and toad tadpoles 
(Phillips and Borland  1992b ; Freake and Phillips  2005 ; 
Diego-Rasilla et al.  2010 ,  2013 ; reviewed by Phillips et al. 
 2001 ,  2010a ). The shoreward orientation of North American 
Eastern red-spotted newts trained to learn the magnetic 
alignment of an artifi cial shore is mediated by a magnetic 
inclination compass that depends on the wavelength of the 
ambient light. Magnetic orientation of newts tested under 
long-wavelength light (>500 nm) is rotated by 90° from the 
trained shoreward directions shown under short-wavelength 
light (400–450 nm; Phillips and Borland  1992a ,  b ). Newts 
tested under an intermediate wavelength of 475 nm are dis-
oriented. It is highly unlikely that this abrupt shift from ori-
ented behavior to complete disorientation is caused by a 
gradual decrease in sensitivity of one spectral mechanism 
alone. This led to the suggestion that two antagonistic spec-
tral mechanisms might be involved (Phillips and Borland 
 1992b ; Deutschlander et al.  1999b ): one high-sensitive, 
short-wavelength mechanism mediating oriented behavior in 
the trained direction of the artifi cial shore (Fig.  20.1a ) and a 
second low-irradiance, long-wavelength mechanism shifting 
orientation by 90° relative to the shore (Fig.  20.1b ). In the 
intermediate-wavelength condition, both mechanisms are 
equally excited, which leads to disorientation (Fig.  20.1c ). 
Complete elimination of magnetic compass orientation in 
newts tested under near-infrared light (>715 nm) adds addi-
tional support for the hypothetical involvement of two dis-
crete spectral mechanisms (Phillips and Borland  1992c ).

20.2.3        Magnetic Compass Orientation of Birds 
Depends on the Presence, Wavelength, 
and Irradiance of Light 

 First evidence for the importance of light for magnetic com-
pass orientation in birds came from homing experiments 
with pigeons. Young, inexperienced homing pigeons were 
disoriented after displacement in complete darkness or under 
660 nm red light but oriented towards the home direction 
when transported to the release site under 565 nm green or 
full-spectrum light (Wiltschko and Wiltschko  1981 ,  1998 ). 
Orientation experiments with passerine migrants in orienta-
tion funnels illuminated with monochromatic light gave fur-
ther support for the involvement of a wavelength-dependent, 
light-sensitive magnetoreception process. Night-migratory 
songbirds, like European robins ( Erithacus rubecula ), 
Australian silvereyes ( Zosterops lateralis ), and garden war-
blers ( Sylvia borin ), showed well-oriented behavior into the 

seasonally expected migratory directions when tested under 
monochromatic light of peak wavelengths between 373 nm 
(UV) and 565 nm (green), comparable to the responses 
shown under full-spectrum light (Rappl et al.  2000 ; Wiltschko 
and Wiltschko  2001 ; Wiltschko et al.  2010 ; Fig.  20.2 ). 
However, when tested under longer-wavelength spectra, the 
birds became disoriented (Wiltschko et al.  1993 ; Wiltschko 
and Wiltschko  1999 ; Fig.  20.2 ). These results indicate that 
light-dependent magnetoreception becomes critical under 
light of peak wavelengths longer than 565 nm.

   In a series of experiments with European robins tested 
under narrowband (9–11 nm half bandwidth) green 
(560.5 nm) and green-yellow (567.5 nm) light, Muheim 
et al. ( 2002 ) showed that the transition from oriented mag-
netic compass behavior under 560.5 nm to disorientation 
under 567.5 nm happens very abruptly (Fig.  20.3 ). The 
authors concluded that at least two spectral mechanisms are 
underlying light-dependent magnetic compass orientation in 
birds (Muheim et al.  2002 ) and proposed an antagonistic 
mechanism similar to that found in amphibians and insects.

   Light-dependent magnetoreception varies in birds not only 
with wavelength but also with photon irradiance (light inten-
sity) at the same wavelength. Night-migratory birds tested 
under low-light regimes (~0.5–21 × 10 15  quanta s −1  m −2 ), simi-
lar to light levels experienced under a starry sky, are well ori-
ented towards the migratory direction. Birds tested under 
higher photon irradiances (~29–54 × 10 15  quanta s −1  m −2 ) are 
disoriented or show shifts in orientation deviating from the 
expected migratory direction (e.g., Wiltschko and Wiltschko 
( 2001 ); Muheim et al. ( 2002 ); Wiltschko et al. ( 2010 )). At 
such irradiances, birds do not seem to be able to use their 
inclination compass, that is, they do not react to an inversion 
of the vertical component of the magnetic fi eld (Wiltschko 
et al.  2003a ) and their magnetic compass orientation perfor-
mance cannot be disrupted by radio-frequency electromag-
netic fi elds (Wiltschko et al.  2005 ). Instead, the birds show a 
reaction to shifts of the horizontal component of the magnetic 
fi eld vector, indicating the use of a polarity compass or an 
alignment along a magnetic direction. 

 There is general consensus on the involvement of at least 
two magnetoreception mechanisms, which are used under dif-
ferent wavelength scenarios. However, there is a vivid debate 
over the underlying mechanisms and putative interaction of 
these receptor types. Based on the parallels between the fi nd-
ings in behavioral experiments on birds, insects, and newts, 
Muheim and coworkers suggested the presence of two antago-
nistically interacting spectral mechanisms, with a high-sensi-
tive short-wavelength mechanism leading to oriented behavior 
and a low-sensitive long-wavelength mechanism leading to 
shifted orientation (Muheim et al.  2002 ). Similar to the behav-
ior observed in newts, the disorientation found in migratory 
birds under the intermediate wavelengths could be explained 
by an equal excitation of both magnetoreceptor types (Phillips 
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et al.  2010a ). Alternatively, over- excitation of both mecha-
nisms could make the perceived magnetic pattern unrecogniz-
able; thus, the birds would not be able to use the vision-mediated 
inclination compass any longer and would need to resort to a 
light-independent magnetite- based receptor. However, this 
hypothesis is opposed by the view that the observed 90° shifts 
under red are no true 90° shifts, but instead “fi xed” orienta-
tions (absolute geographic 90° shifts during autumn and spring 
both turned to the same geographic direction and thus not rela-
tive to the natural migratory direction). This would reject the 

assumed similarity of the magnetoreception system in birds 
and newts (Wiltschko et al.  2004a ). Instead, it has been sug-
gested that the shifted orientation responses observed under 
high light irradiances are the results of a third, yet unspecifi ed, 
novel type of light-dependent magnetoreceptor. This receptor 
would not be based on a light-mediated radical-pair mecha-
nism nor a magnetite-based process, since the “fi xed” orienta-
tion responses under such conditions differ between 
wavelengths and are not mediated by the inclination compass 
any longer (Wiltschko et al.  2005 ).   
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  Fig. 20.1    Illustration of the hypothetical antagonistic spectral mecha-
nism proposed to mediate the light-dependent array of axially sensitive 
receptors. ( a – c ) Magnetic modulation patterns as suggested to be per-
ceived by an animal looking parallel along the magnetic fi eld vector (for 
more details, see Fig.  20.4 ). ( d – f ) Alignment of putative receptors ( small 
rectangles ) along the magnetic axis in a spherical receptor organ, like the 
eyes or pineal organ. ( g ) Putative spectral sensitivity curves for two 
hypothetical antagonistic inputs to the light-dependent magnetic com-
pass with a short- and a long-wavelength mechanism. Under short- 
wavelength light ( a – d ), the receptors aligned along the magnetic axis 

show a decrease in response ( dark rectangles  labeled “−”), while recep-
tors aligned perpendicular to the magnetic fi eld ( gray rectangles ) remain 
unaffected. Under long-wavelength light ( c – e ), the receptors aligned 
along the magnetic axis show an increase in response ( white rectangles  
labeled “+”), resulting in a “reversed” magnetic modulation pattern. 
 Arrowheads  at the edge of the circular array indicate the axes with the 
lowest level of response, which differ by 90° in ( a – d ) and ( c – e ). 
( b – d ) Under intermediate wavelengths of light, both mechanisms are 
activated equally and the directional response is eliminated (Adapted 
from Phillips et al. ( 2010a ))       
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20.3     Mechanisms of Light-Dependent 
Magnetoreception 

 The behavioral data presented above imply that the light- 
mediated magnetic information necessary for compass orienta-
tion has to meet the following requirements: (1) The nature of 
magnetic information used for compass orientation has to be 
axial rather than polar, that is, sensing the alignment of the 
magnetic fi eld lines in space but not the polarity of fl ux. (2) The 

functional range of the magnetic compass has to be reasonably 
plastic in order to adapt to different magnetic fi eld intensities 
outside to locally experienced intensity range. This was shown 
in European robins that were disoriented when tested in artifi -
cial magnetic fi elds with intensities weaker (4–34 μT) or stron-
ger (60–105 μT) than the local magnetic fi eld at the testing 
locality (47 μT; Wiltschko  1968 ,  1978 ; Wiltschko et al.  2006 ; 
Winklhofer et al.  2013 ). However, after preexposure to such 
unnatural, and never before experienced, magnetic fi elds for 
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  Fig. 20.3    Magnetic orientation of European 
robins tested during autumn migration under 
narrowbanded light. Birds are well oriented under 
560.5 nm  green  light ( left ) and totally disoriented 
under 567.5 nm  green-yellow  light ( middle ) and 
showed a 90° shift in orientation under 617 nm 
 red  light ( right ) (Adapted from Muheim et al. 
( 2002 ))       
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just a few hours, the very same birds were able to orient using 
their magnetic compass perfectly fi ne in subsequent experi-
ments. Birds thus seem to be able to learn or adapt to changing 
properties of the ambient magnetic fi eld, that is, they can learn 
to orient under novel magnetic conditions. In other words, the 
functional range of their magnetic compass is fl exible and 
allows adjustment to previously not experienced magnetic con-
ditions, allowing magnetic compass orientation as long as the 
magnetic fi eld provides directional information. 

20.3.1     Chemical Magnetoreception Based 
on a Radical-Pair Mechanism 

 Various biophysical mechanisms have been suggested to 
explain light-dependent magnetoreception in animals. The 
currently most discussed model was fi rst proposed by a phys-
icist, Klaus Schulten. He suggested that the yield of a bio-
chemical reaction proceeding via a radical pair might be 
dependent to the orientation of an external magnetic fi eld and 
could thus be used for compass orientation (Schulten et al. 
 1978 ; Schulten  1982 ). The proposed mechanism involves a 
light-induced electron transfer between an electron donor and 
an acceptor molecule. The electron transfer results in the gen-
eration of a transient radical-pair intermediate that can exist 
in a singlet or a triplet excited state, and the transient radicals 
will subsequently decay in chemically different singlet or 
triplet products. Theoretical calculations and in vitro experi-
ments have shown that the ratio between singlet and triplet 
products from radical-pair reactions is sensitive to and can 
thus be modulated by an Earth-strength magnetic fi eld, 
thereby theoretically providing the basis for a magnetic com-
pass (Henbest et al.  2008 ; Maeda et al.  2008 ,  2012 ; Rodgers 
and Hore  2009 ). This idea was revived in 2000 by Klaus 
Schulten together with Thorsten Ritz. The physicists pro-
posed that the retina with its almost perfect half-ball shape 
would be well suited as an ordered structure and that the rad-
ical-pair intermediate could be involved in the visual recep-
tion system, for example, by altering the photosensitivity of 
the photoreceptor molecule (Ritz et al.  2000 ). Ritz further 
proposed cryptochromes as likely photoreceptor molecules. 
According to this hypothesis, the reaction yield anisotropy of 
the receptor radical pair governs the directional response. 
Magnetosensitive photoreceptors arranged in an ordered 
array in photosensory organs, such as the retina or the pineal, 
would respond differently, depending on their alignment 
 relative to the magnetic fi eld. Consequently, the effect on the 
visual perception process would be dependent on the align-
ment of the photoreceptor to the geomagnetic fi eld and thus 
allow the animals to derive a directional heading by literally 
“seeing” the magnetic fi eld lines (Fig.  20.4 ). In such a light-
sensitive magnetoreception system, the animals could per-
ceive the magnetic fi eld as a three-dimensional pattern of 

light irradiance or color variation in their visual fi eld 
(Fig.  20.4 ; for recent reviews, see Rodgers and Hore  2009 ; 
Ritz et al.  2010 ; Solov’yov et al.  2010 ; Phillips et al.  2010b ).

   The general feasibility of radical-pair-based magnetore-
ception has recently been demonstrated by spectroscopic 
observations of an artifi cially designed molecule system as 
model magnetoreceptor: these data clearly show that the 
radical-pair reaction process is sensitive to geomagnetic fi eld 
strengths and the lifetime of a light-induced transient radical 
pair is long enough to be altered by Earth-strength magnetic 
fi elds. The model receptor molecule provides further insight 
into the structural and dynamic design that is required to 
detect directional information of the Earth’s magnetic fi eld 
necessary to facilitate magnetic compass orientation (Maeda 
et al.  2008 ).  

20.3.2     Behavioral Evidence for a 
Radical-Pair- Based Magnetoreceptor 

 The radical-pair model meets all the necessary criteria to be 
a likely candidate for the light-dependent magnetic compass 
receptor (Ritz et al.  2002 ,  2010 ; Liedvogel and Mouritsen 
 2010 ; Phillips et al.  2010a ; Mouritsen and Hore  2012 ): (1) 
the putative visual image perceived by the animal has axial 
properties, thus does not allow determination of the polarity 
of the fi eld lines and is in line with an inclination compass 
and (2) the singlet-triplet yield and, consequently, the visual 
pattern perceived by the animal depends on the intensity of 
the magnetic fi eld; thus, exposure to magnetic fi eld intensi-
ties never experienced before can lead to disorientation, fol-
lowed by a slow adaptation to the “new” pattern (cf. 
Wiltschko  1968 ,  1978 ; Wiltschko et al.  2006 ; Winklhofer 
et al.  2013 ). Adaptation has also been suggested as explana-
tion for the ability of birds to orient under monochromatic 
red light after preexposure to the same light for one hour 
before the start of the orientation experiments (Wiltschko 
et al.  2004b ). 

 The most convincing evidence for the involvement of a 
radical-pair mechanism in light-dependent magnetorecep-
tion comes from experiment using low-intensity oscillating 
radio-frequency magnetic fi elds (RF fi elds) in the lower 
MHz range (0.1–100 MHz). This treatment serves as a diag-
nostic tool that allows testing whether a radical-pair mecha-
nism is involved in the primary magnetoreception process of 
an orientation response (Henbest et al.  2004 ; Ritz et al. 
 2004 ). The reasoning for this is that high-frequency oscilla-
tory fi elds should be oscillating too fast and be too low in 
intensity to affect a magnetite crystal receptor (Steiner and 
Ulbricht  1989 ; Kirschvink  1996 ). However, they should 
interfere with the electrons, which are involved in the radical- 
pair forming process. These properties make the application 
of RF fi elds a unique tool to study the involvement of a 

20 The Light-Dependent Magnetic Compass



328

radical- pair mechanism in magnetoreception. Thus, if RF 
disturbance leads to a behavioral response – either resulting 
in disorientation or a directional shift in magnetic orientation 
behavior – this treatment proves that whatever is involved in 
the process of magnetic orientation does involve a radical- 
pair forming process. In contrast, if magnetic compass 
 orientation is solely based on a magnetite-based process, 
magnetic compass orientation should remain unchanged by 
the RF treatment. 

 RF interference has been applied to test the magnetic 
compass orientation performance of birds and mole rats: 
European robins and zebra fi nches exposed to RF fi elds 
aligned nonparallel to the geomagnetic fi eld vector became 
disoriented when tested under either a broadband RF fi eld or 
distinct single frequencies of 1.375 or 7 MHz (Ritz et al. 
 2004 ; Thalau et al.  2005 ; Keary et al.  2009 ). On the other 
hand, the orientation of mole rats, which is supposed to be 

mediated by a non-light-dependent magnetoreceptor, was 
not impaired by a RF fi eld, supporting previous indications 
that their magnetic compass is light independent and based 
on magnetite (Thalau et al.  2006 ). These data provide the so 
far strongest, albeit indirect, support of a radical-pair-based 
magnetoreceptor mechanism in birds.  

20.3.3     Involvement of Cryptochromes 
in Magnetosensitive Photoreception 

 A photoreceptor molecule involved in the primary magneto-
reception process mediated by a light-dependent radical-
pair mechanism as described above needs to meet a number 
of criteria. The putative receptor molecule needs to form 
radical pairs that persist long enough so that the radical-pair 
yields can be modifi ed by an Earth-strength magnetic fi eld 

Magnetic West Magnetic North Magnetic East

a

b

c

  Fig. 20.4    Illustration of hypothetical light-dependent magnetic com-
pass perception through magnetosensitive photoreceptors. ( a   left ) 
Three- dimensional pattern of the magnetic fi eld vector consisting of a 
dark area on each side of the magnetic fi eld axis and a ring in the center. 
( a   right ) Magnetic modulation pattern perceived by an animal (bird) 
looking parallel along the magnetic fi eld vector ( arrow ). ( b ) Magnetic 

modulation patterns at different latitudes (i.e., different magnetic fi eld 
inclinations) in the Northern and Southern Hemisphere. ( c ) Magnetic 
modulation patterns perceived by animals facing different directions 
relative to the alignment of the magnetic fi eld during a head scan from 
west to east (After Ritz et al.  2000 )       
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and localization in a spatially fi xed relationship relative to 
each other (reviewed by Rodgers and Hore  2009 ; Liedvogel 
and Mouritsen  2010 ; Phillips et al.  2010a ; Mouritsen and 
Hore  2012 ). The classical photopigments, like the opsins, 
do not possess the biochemical properties to form radical 
pairs and thus are unlikely to be involved in magnetoreception. 
In contrast, there are strong indications that cryptochromes 
are the thought-after candidates for the magnetoreception 
molecule. Cryptochromes are blue-green light photopig-
ments, mainly known for their role in the animal circadian 
clock (e.g., Emery et al.  1998 ; Cashmore et al.  1999 ; Partch 
and Sancar  2005 ; Chaves et al.  2011 ). They are the only cur-
rently known vertebrate photoreceptor molecules that have 
the potential to form radical pairs upon excitation by light. 
The ancestral forms of cryptochromes, the photolyases, 
have been demonstrated to form radical-pair intermediates 
that persist long enough for magnetic fi eld effects to occur 
(Weber et al.  2002 ; Giovani et al.  2003 ). More recently, also 
cryptochromes have been shown to produce persistent, spin-
correlated radical pairs upon photoexcitation in several taxa 
of the animal kingdom, including insects, amphibians, and 
birds (Liedvogel et al.  2007b ; Biskup et al.  2009 ; Schleicher 
et al.  2009 ). 

 Cryptochromes are ubiquitous and have been demon-
strated in a large variety of organisms, including bacteria, 
plants, and animals, both invertebrates and vertebrates, 
including humans (for a review, see Chaves et al.  2011 ). In 
species known to use a magnetic compass, cryptochromes 
have been reported in  Drosophila melanogaster  (Emery 
et al.  1998 ), bullfrogs (Eun and Kang  2003 ), laboratory mice 
(Van der Horst et al.  1999 ), mole rats (Avivi et al.  2004 ), and 
birds. To date, cryptochrome expression has been reported in 
the retinae of two migratory bird species, European robins 
and garden warblers, and several nonmigratory species, 
including chicken ( Gallus gallus ) and zebra fi nches 
( Taeniopygia guttatta;  Möller et al.  2004 ; Mouritsen et al. 
 2004 ; Niessner et al.  2011 ; reviewed by Liedvogel and 
Mouritsen  2010 ). A detailed neurohistological study of cryp-
tochrome expression in robins and chicken recently revealed 
that the outer segments of the avian UV/V cones are most 
likely the primary sites of the light-dependent magnetore-
ceptor (Niessner et al.  2011 ). Niessner and colleagues found 
cryptochrome expression in virtually every cone across the 
entire retina, which is one of the requirements for the radical- 
pair model to work. 

 Recent studies with  Drosophila melanogaster  convinc-
ingly showed that cryptochromes are involved in light- 
dependent magnetoreception. Gegear and coworkers found 
that adult  Drosophila  are able to discriminate a magnetic 
fi eld that is about ten times the intensity of the Earth’s mag-
netic fi eld (Gegear et al.  2008 ). This ability requires both a 
functional cryptochrome gene and broadband illumination 
that includes short-wavelength ( λ  < 420 nm) light. Also, 

cryptochrome-mediated effects of blue light on the circadian 
rhythm in  Drosophila  were shown to be infl uenced by mag-
netic fi elds (Yoshii et al.  2009 ). It has even been shown that 
the human variant of the cryptochrome can rescue light- 
dependent magnetosensitivity in a  Drosophila  mutant lack-
ing  Drosophila  cryptochrome (Foley et al.  2011 ). Together, 
these fi ndings suggest that magnetic fi eld detection may be 
an intrinsic property of cryptochrome-based photo-signaling 
systems, from which light-dependent magnetoreception 
might have evolved (Phillips et al.  2010a ). Still, more 
research – especially within naturally occurring fi eld 
strengths – is needed to unambiguously separate observa-
tions of cryptochrome expression as a result of circadian 
rhythmicity and magnetoreception.  

20.3.4     Is There a Common, Cryptochrome- 
Based Mechanism Underlying Light- 
Dependent Magnetoreception 
in Insects, Amphibians, and Birds? 

 Magnetic compass orientation in newts shows an abrupt 
transition from normal to 90° shifted orientation at about 
475 nm, which has been suggested to be mediated by an 
antagonistic interaction of short- and long-wavelength inputs 
(Phillips and Borland  1992b ; Deutschlander et al.  1999a ; 
Phillips et al.  2001 ). In aquatic vertebrates, <480 nm light 
converts the fully oxidized form of the cryptochrome fl avin 
chromophore (FAD ox ) into the radical, fl avo-semiquinone 
form (FADH•), which in turn is excited by light between 480 
and 650 nm (Zikihara et al.  2008 ; Biskup et al.  2009 ; 
Fig.  20.5a–c ). This nicely corresponds with the spectral 
properties of magnetic compass orientation in newts, which 
made Phillips and coworkers propose that the fully oxidized 
and fl avo-semiquinone forms of cryptochrome could provide 
the short- and long-wavelength inputs to the light-dependent 
magnetic compass, that is, providing antagonistic magneti-
cally sensitive inputs (Phillips et al.  2010a ). In view of the 
observation that amphibian cryptochromes can form spin- 
correlated radical pairs (Biskup et al.  2009 ), it makes crypto-
chrome molecules suitable candidates for an involvement in 
a radical-pair mechanism.

   The behavioral and neurophysiological responses of 
insects to magnetic stimuli under UV and visible light are 
also consistent with the action spectra of photo-signaling 
pathways involving different redox forms of insect crypto-
chromes (Phillips et al.  2010a ; Fig.  20.5b ). Here, FAD is 
reduced to the anion radical FAD• −  upon blue-light  excitation, 
which has been suggested to be the ground state (Ozturk 
et al.  2009 ). Exposure to darkness leads to a complete reoxi-
dation. In addition, a  s pectral antagonism has been shown to 
be involved in cryptochrome photo-signaling systems in vivo 
in both plants (Folta and Maruhnich  2007 ) and  Drosophila  
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(Hoang et al.  2008 ). In these systems, the short-wavelength- 
dependent responses are presumed to refl ect a signaling 
pathway involving photoreduction of the fully oxidized to 
the radical form, while the antagonistic effects of long- 
wavelength light is suggested to further photoreduce the 
radical form to the fully reduced form, which is subsequently 
converted back into the fully oxidized form in the dark 
(Berndt et al.  2007 ; Hoang et al.  2008 ). 

 Still, it remains to be shown whether the long-wavelength- 
dependent photoreduction of the cryptochrome radical to the 
fully reduced form would be antagonistic to its effect on the 

initial photoreduction reaction, that is, whether the magnetic 
fi eld would produce inverse or complementary patterns of 
response (Phillips et al.  2010a ; Fig.  20.5 ). 

 In birds, an involvement of cryptochrome is less well 
clear. The well-oriented behavior under UV to 565 nm green 
light, abrupt transition to disorientation under 568 nm green- 
yellow light, and 90° shifted orientation or disorientation 
under longer wavelengths (Muheim et al.  2002 ; Wiltschko 
et al.  2010 ) fi t the cry absorption spectrum only to a limited 
degree (Figs.  20.5d ). Most cryptochromes in their fully oxi-
dized form are insensitive above 500 nm (Liedvogel et al. 
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  Fig. 20.5    ( a ) Interconversion of the three redox states of the fl avin 
chromophore in a typical cryptochrome photosystem. The fully oxi-
dized fl avin chromophore (FAD ox ) is reduced by ~370–525 nm light to 
the partially reduced fl avo-semiquinone radical (FAD• −  or FADH•) via 
a transient FAD*. Upon illumination by ~400–610 nm light, the fl avo- 
semiquinone radicals can either convert to the fully reduced form 
(FADH -  or FADH 2 ) or alternatively be reverted back to the fully oxi-
dized form (FAD ox ). A magnetic fi eld effect on photoreduction of the 
fully oxidized fl avin chromophore (FAD ox ) has been generally accepted 
to be involved in the light-dependent magnetic compass. The photore-
duction of the fl avo-semiquinone radical (FAD• −  or FADH•) to the fully 
reduced form has been proposed to be involved in the antagonistic 

effect of the magnetic fi eld on the response of the magnetic compass 
under long-wavelength light in amphibians and some insects (Phillips 
et al.  2010a ). ( b – d ) Absorption of ( b ) insect cryptochrome ( Drosophila  
DmCRY1; Berndt et al.  2007 ), ( c ) zebra fi sh cryptochrome (ZfCRY- 
DASH; Zikihara et al.  2008 ), and ( d ) chicken cryptochrome (GgCRY4; 
Ozturk et al.  2009 ). The  solid lines  give the absorption of the fully oxi-
dized state (FAD ox ) and the  dotted lines  the absorption of the partially 
reduced form of the fl avo-semiquinone radical (FAD• −  or FADH•). The 
 gray  highlighted wavelength ranges indicate changes in magnetic ori-
entation behavior found in insects ( b ), amphibians ( c ), and birds ( d ) 
(Simplifi ed after Phillips et al. ( 2010a ))       
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 2007b ), while birds are well oriented towards the migratory 
direction also under 565 nm green light (Muheim et al.  2002 ; 
Wiltschko et al.  2010 ). Also the change in orientation shown 
by birds around 565–570 nm is not refl ected by the transition 
between neither of the known redox forms of bird crypto-
chromes (Liedvogel et al.  2007b ; Ozturk et al.  2009 ). Thus, 
it remains unclear how the magnetic compass responses of 
birds under different light spectra can be explained by a 
cryptochrome-based magnetic compass.   

20.4     Localization of the Light-Dependent 
Magnetoreceptor 

 Where in the animals are the light-dependent magnetore-
ceptors located, by which neuronal pathway is the infor-
mation transmitted from the receptor to the brain, and 
where in the brain is the information processed? Magnetic 
fi elds can transmit through any type of organic matter; 
thus, magnetoreceptors can be located just about anywhere 
in animals’ bodies. However, as outlined above, behavioral 
experiments clearly show that light is necessary for light-
dependent magnetic orientation to function; thus, the 
receptors have to be located at a peripheral site of the ani-
mals that can be reached by light. 

20.4.1     Extraretinal Receptor Sites for 
Light- Dependent Magnetoreceptor 
in Amphibians 

 In animals that have special photoreceptors-containing struc-
tures apart from the eyes, like the parietal eyes of reptiles or 
the pineal complex of fi sh, some reptiles, and the frontal 
organ of amphibians, light-dependent photoreception may 
take place in extraretinal photoreceptors (for review, see 
Phillips et al.  2010a ). This has been elegantly demonstrated 
in Eastern red-spotted newts. Light-dependent magnetore-
ception of the shoreward orientation of newts takes place in 
photosensitive, extraocular photoreceptors in the pineal 
complex or hypothalamus (Deutschlander et al.  1999a ). 
Newts trained to learn the magnetic alignment of the artifi -
cial shore in the training tank with the top of their head, but 
not their eyes, covered with a red-light fi lter demonstrate the 
same 90° shifted response shown by newts tested completely 
illuminated by red light (Deutschlander et al.  1999a ). Thus, 
the light-sensitive-magnetosensitive receptors mediating 
shoreward orientation in newts are most likely located in 
extraocular photoreceptors in the pineal complex or hypo-
thalamus. In anuran amphibians and lizards, photoreceptors 
with two antagonistic photoreception mechanisms, like those 
proposed to underlie the light-dependent magnetic compass 
in newts, have been found in the pineal complex (Eldred and 
Nolte  1978 ; Solessio and Engbretson  1993 ).  

20.4.2     The Eyes as Sites for Light-Dependent 
Magnetoreception in Birds 
and Mammals 

 In birds, and also mammals, the only locations where light 
can reach specialized photoreceptors are the eyes. Unlike in 
newts, an involvement of the avian pineal in magnetorecep-
tion is very unlikely, despite of responsive cells in the avian 
pineal to magnetic fi eld inversions (Semm  1983 ; Demaine 
and Semm  1985 ). Homing pigeons homed successfully after 
pinealectomy, while pinealectomized pied fl ycatchers 
( Ficedula hypoleuca ) showed seasonally appropriate orien-
tation as long as they received daily injections of melatonin, 
suggesting no crucially dependent involvement of the pineal 
in magnetoreception (Maffei et al.  1983 ; Schneider et al. 
 1994 ). 

 Extracellular electrophysiological recordings provided fi rst 
evidence for the involvement of the visual center in light-depen-
dent magnetoreception. Cells in the nucleus of the basal optic 
root (nBOR) and in the optic tectum showed magnetic respon-
siveness to changes in the direction of a magnetic fi eld and to 
slow inversions of the vertical component of the magnetic fi eld, 
with peak responses under wavelengths of 503 nm and 582 nm 
(Semm et al.  1984 ; Semm and Demaine  1986 ). The nBOR 
receives direct input from the contralateral retina, thus support-
ing the hypothesis that  light- dependent magnetoreception takes 
place at locations innervated by the optic nerve, with the eyes as 
likely candidates. Unfortunately, these studies have been proven 
diffi cult to replicate; thus, any conclusions drawn from these 
fi ndings have to be taken with caution. 

 Still, recent research on the neural basis of magnetorecep-
tion has largely substantiated these fi ndings and provided 
new insights into the neural pathways and brain areas 
involved in information transfer and processing in both birds 
and mammals (e.g., Nemec et al.  2001 ,  2005 ; Heyers et al. 
 2007 ). A brain structure in the visual Wulst, named “Cluster 
N,” connected to the retina via the thalamofugal pathway, has 
recently been identifi ed and suggested to be involved in the 
processing of light-dependent magnetic information in 
migratory birds during nighttime (Mouritsen et al.  2005 ; 
Heyers et al.  2007 ; Zapka et al.  2010 ). Migratory birds with 
a (chemically) lesioned Cluster N were shown to be disori-
ented when tested for magnetic compass orientation, while 
their sunset and star compass remained intact and functional 
for orientation. These results strongly indicate that Cluster 
N is involved in processing magnetic compass information at 
nighttime under low light levels (Zapka et al.  2009 ). 

 As there is almost complete crossover of the fi bers of the 
optic nerves, the left brain hemisphere gets its visual input 
almost exclusively from the right eye and vice versa. To test 
whether magnetic compass orientation is also lateralized, 
either one of the experimental birds’ eyes is unilaterally cov-
ered with light-tight eye cops prohibiting any stimulus being 
perceived via this respective eye, and the birds are then tested 
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for magnetic compass orientation. Such lateralization exper-
iments initially suggested that magnetic compass informa-
tion is laterally processed with a dominance of the right eye 
and left brain hemisphere (Wiltschko et al.  2002 ,  2003b ). 
However, follow-up experiments could not replicate these 
fi ndings, neither on the receptor level nor on the level of 
higher integration areas in the brain, but rather suggest that 
both garden warblers and European robins have a magnetic 
compass in both eyes (Liedvogel et al.  2007a ; Hein et al. 
 2010 ; Engels et al.  2012 ).   

20.5    Outlook 

 During the past decade, new techniques and highly interdis-
ciplinary research approaches have led to signifi cant 
advances in our understanding of the biophysical and 
 molecular mechanisms of light-dependent magnetorecep-
tion. The use of inducible transcription factors to study neu-
ronal activity during magnetoreception, the search for 
cryptochrome expression at potential sites of magnetorecep-
tion, and the study of orientation behavior under RF fi elds all 
have provided valuable, but nevertheless indirect, evidence 
for the location, type, and biochemical and molecular mech-
anism of the magnetoreceptor. 

 With the development of reliable magnetic compass assays 
in model organisms such as  Drosophila melanogaster  
(Phillips and Sayeed  1993 ; Dommer et al.  2008 ; Painter et al. 
 2013 ), zebra fi nches (Voss et al.  2007 ; Keary et al.  2009 ), and 
laboratory mice (Muheim et al.  2006 ), access to cryptochrome- 
defi cient model animals has opened up another new and 
promising avenue in magnetoreception research, allowing 
direct tests of the involvement of cryptochromes or other mol-
ecules involved in the primary magnetoreception process. 

 To understand the type of magnetic stimulus and exact 
functionality of candidate brain regions that are involved in 
magnetic orientation, carefully controlled electrophysiologi-
cal experiments are needed. Electrophysiology is extremely 
hard to carry out (and prone to artifacts) with magnetic stim-
uli involved, and all data reported to date have been proven 
diffi cult to repeat. However, these approaches will be key to 
(1) defi nitively prove the involvement of candidate brain 
areas in integrating magnetic information, (2) identify and 
characterize the exact type of (magnetic) stimulus that these 
brain areas most sensitively respond to (it could be a sudden 
change or a gradual variation of the azimuth, that is, the hori-
zontal direction, of the resulting magnetic vector, or it could 
be an inversion of the inclination angle of the magnetic fi eld 
vector), (3) understand the nature of (inhibitory/excitatory) 
neuronal responses (so far, nothing is known about the intrin-
sic neuronal dynamics of, for example, Cluster N), and (4) 
provide insight into the temporal scale of the putative 
response (pattern) after stimulus onset.     
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21.1             Introduction 

 Phototoxicity means that something which is not toxic in 
itself is converted into a toxin or produces a toxin by the 
action of light. We can divide phototoxicity into several 
classes:
   Type I phototoxicity arises when a pigment, after absorption 

of light and acquiring an excited state, either combines 
directly with an important cell constituent (Fig.  21.1 ) 
or transfers electrons or hydrogen atoms. The trans-
fer may take place from or to another molecule, which 
then becomes a toxic radical or radical ion or produces 
toxins in subsequent reactions. As an example of the 
action of a type I phototoxin, we show in Fig.  21.1  how 
8- methoxypsoralen (MOPS in medical jargon) combines 
with thymine residues in DNA.

     Type II phototoxicity arises when a pigment (photosensitizer) 
after absorption of light goes from the excited singlet state 
to a triplet state, and then reacts with molecular oxygen 
and produces singlet excited oxygen (see Chap.   1    ), which 
is highly toxic.    
 In some cases, a pigment molecule excited by light 

absorption transfers an electron to molecular oxygen, thereby 
producing superoxide anion (see Fig.  21.2 ). According to the 
above defi nitions, this is type I phototoxicity, but in the lit-
erature it has also been designated type II phototoxicity, 
because in practice it is easier to distinguish between oxygen- 
independent and oxygen-dependent phototoxicity. The main 
cellular targets of both type I and II phototoxins are DNA, 

membrane lipids, and membrane proteins. A wide variety of 
organisms (except those having special protection systems) 
can be poisoned by most of the substances; that is, they are 
rather unspecifi c with regard to poisoned organism. 

      Phototoxicity 
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Although “phototoxicity” sounds dangerous, this and other similar reac-
tions are also exploited in phototherapy of certain diseases       
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 As a third type of phototoxicity, we can categorize those 
cases when a substance is converted into a toxin by a photo-
chemical reaction which does not fall into any of the above 
categories. 

 As an example in which several mechanisms contribute to 
the photodestructive action, we show in Fig.  21.2  a sche-
matic description of how membrane lipids are peroxidized 
by a photoexcited pigment (see Samadi et al.  2001 ).

   An interesting consequence of lipid peroxidation is that a 
weak light (ultraweak luminescence) is emitted during the 
reaction. Lipid peroxidative chain reactions can be initiated 
also in ways other than through phototoxic action. 

 In our disposition of the topic “phototoxicity,” we shall 
not follow the categorization into types I and II, but rather 
subdivide into the different contexts in which phototoxicity 
has been observed. We shall not include photoallergic reac-
tions here, which, as they involve the immune system, are 
of a different character. Photoallergy will be treated in 
Chap.   24    .  

21.2     Phototoxicity in Plant Defense 

 The most important defenses of plants against parasites and 
grazers are of a chemical nature, and among chemical 
defenses phototoxicity plays an important role, especially 

among fl owering plants. The phototoxic substances 
employed by plants can also affect people when they appear 
in food, perfumes, and other cosmetic products and even if 
we just touch certain plants. 

 Downum ( 1992 ) estimates that 75–100 different photo-
toxic molecules have been isolated from fl owering plants. 
Phototoxins or phototoxic activity has been reported for 
about 40 of more than 100 angiosperm families, representing 
all subclasses except Alismatidae and Arecidae. Many plants 
have several phototoxic substances. From  Ammi majus  as 
well as from  Angelica archangelica , the following ones are 
reported: angelicin, bergapten, 8-methoxypsoralen, and 
pimpinellin—from the former one, in addition, furocouma-
rin and from the latter, one psoralen. The plant family 
   Apiaceae (former name Umbelliferae) dominates the most 
important cases of phototoxicity of to humans. 

 The phototoxins affect bacteria, fungi, nematodes, 
insects, and other organisms. This wide spectrum is due to 
the fact that the toxins attack cellular constituents common 
to all cells. DNA is a major target for type I acting chemi-
cals, such as acetophenones, coumarins, furanochromones, 
furanoquinolines, pterocarpans, and sesquiterpenes. 
Examples of type II acting compounds are isoquinolines 
and thiophenes. 

 Photosensitizers generally have many double bonds, that 
is, many  π -electrons, and most of them are polycyclic. The 
most common types in plants are acetylenes and furanocou-
marins, but many other types also occur. 

 Since absorption of ultraviolet radiation is a common 
feature of organic compounds, and absorption for polycy-
clic systems and acetylenes with conjugated triple bonds 
(compounds with many  π -electrons) extends into the 
UV-A region, it is not surprising that UV-A (of which 
there is much more in daylight than of UV-B) in most 
cases is the most important spectral region for infl icting 
phototoxicity. However, there are exceptions, and hyperi-
cin (present in  Hypericum , St. John’s wort) with its many 
fused phenyl rings absorbs and is excited to phototoxicity 
even by yellow and orange light, while some other sub-
stances require UV-B radiation. Detailed information on 
action spectra is still lacking in most cases. Guesses made 
based on absorption spectra are not reliable, since cases 
are known in which the phototoxic action takes place with 
radiation of longer wavelength than that absorbed by the 
pure substance. The reason for this is probably that the 
spectrum is shifted when the substance binds to cellular 
components. 

 The mode of action of hypericin has been debated, but it 
has now been established (Delaey et al.  2000 ) that it required 
oxygen for phototoxicity. Like several other phototoxic com-
pounds from plants (e.g., psoralen, 8-methoxypsoralen), it 
has been used in the phototherapy of diseases. Hypericin 
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  Fig. 21.2    Diagram showing how a pigment (S), excited by light (h υ ) 
via an excited singlet state ( 1 S) to an excited triplet state ( 3 S), can dam-
age a membrane lipid (LH) in several ways (note that the lipid mole-
cules enter the reactions at four points in the diagram). ( 1 ) Type II 
reaction ( right part  of the diagram): the triplet pigment may react with 
triplet (ground state) oxygen (O 2 ) to form singlet oxygen ( 1 O 2 ), which 
can directly convert the lipid to a lipid peroxide (LOOH). ( 2 ) Classical 
type I reaction ( lower part  of the diagram): the triplet pigment abstracts 
a hydrogen atom from the lipid, creating a lipid radical (L•), which 
combines with triplet oxygen to form a lipid peroxy radical (LOO•). 
The latter abstracts a hydrogen atom from another lipid molecule to 
form a lipid peroxide. In this way a new lipid radical is formed, and a 
chain reaction is created. ( 3 ) Oxygen-dependent hydrogen abstraction 
( upper part  of the diagram): an electron is donated to triplet oxygen, 
creating superoxide anion, which via formation of hydrogen peroxide 
and hydroxide radical abstracts hydrogen from the lipid. Also in this 
case the lipid is degraded to lipid peroxide, and a chain reaction is 
initiated       
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may be particularly dangerous for the lens of the eye 
(Ehrenshaft et al.  2013 ). 

 Specifi c plant species causing problems for humans and 
domestic animals naturally vary among countries, but the 
following are worth mentioning here:
   Fig,  Ficus carica . Fig can be troublesome only for those 

involved in picking and handling them professionally. 
One source speculates that fi g could have caused trouble 
for Adam and Eve!  

  Angelica,  Angelica archangelica . This and other  Angelica  
species are used as traditional medicine from Korea to 
Lapland and also in drinks. They have caused problems 
for growers and collectors.  

  Buckwheat,  Fagopyrum esculentum . Causes trouble mainly 
in grazing cattle.  

  Celery,  Apium graveolens . Has caused burns when ingested 
before visiting suntan parlor. Contains 5- methoxypsoralen, 
8-methoxypsoralen (xanthotoxin), and 4,5′,8-trimethylp-
soralen. Of special interest is that this plant can contain 
tenfold increased contents of psoralen derivatives after 
infection with a fungus,  Sclerotinia sclerotium  (pink rot 
disease). Persons handling celery professionally are at 
risk. Disease-resistant celery contains increased levels of 
furocoumarins (Fig.  21.3 ).

     Hogweed ( Heracleum ), especially Russian hogweed 
( Heracleum mantegazzianum ). Light produces severe blis-
ters in skin that has been in touch with the plant. The plant 
has spread over large areas of Europe and North America. 
 Heracleum  species contain angelicin, bergapten, pimpi-
nellin, 5-methoxypsoralen, and other related substances.  

  Spring parsley (also erroneously called wild carrot),  Cymopterus 
watsonii , growing in Oregon, Nevada, and western Utah. 
Problems with grazing sheep and cattle. Newborn lambs and 
calves die because mothers become so touch sensitive that 
they refuse nursing. The plant contains furocoumarins, 
8-methoxypsoralen (xanthotoxin), and bergapten.  

  Lei fl owers, especially  Pelea anisata . Leis are the greeting 
wreaths that visitors receive on their arrival to Hawaii.  

  Burning bush of Moses (also called gas plant),  Dictamnus 
albus . The plant grows wild in Europe and Asia and is 
used as a garden plant also in other parts of the world. It 
belongs to the family Rutaceae, which harbors also other 
plants with some phototoxicity, among them  Citrus  spe-
cies and  Ruta graveolens , garden rue.  

  St. John’s wort.  Hypericum  species contain hypericin and 
can cause trouble both to grazing animals and to persons 
who consume drinks based on  Hypericum  extracts and are 
exposed to light afterwards.    
 Some of the phytophototoxins are used for medical treat-

ments. The most noteworthy example is treatment of vitiligo 
and psoriasis with 8-methoxypsoralen and related sub-
stances. In fact, the juice of the Egyptian plant  Ammi majus  
has been used for this purpose since 2000 B.C. (Pathak 
and Fitzpatrick  1992 ). We can only give some examples of 
detailed mechanisms of action in phototoxicity. For further 
information on phototoxic plants and plant phototoxins, see 
Pathak ( 1986 ), Downum ( 1992 ), Lovell ( 1993 ), and the fol-
lowing Internet sites: (1)   http://telemedicine.org/Botanica/
Bot5.htm     and (2)   http://www.ars-grin.gov/cgi-bin/duke/
chemical_activity.pl    . 

 Flors and Nonell ( 2006 ) have described phototoxic phy-
toalexins (phytoalexins are toxins that are induced and not 
present in unstressed plants) having a phenalenone group 
(Fig.  21.4 ) in their molecular structure. They produce sin-
glet oxygen upon irradiation with UV-A to blue light and 
are toxic to fungi. They were fi rst found in Haemodoraceae 
and Musaceae (   Cooke and Edwards  1981 ), but subsequently 
found to be common not only in members of these families 
but also in Strelitziaceae. They were so long overlooked 
because they do not occur in unstressed plants. Related 
substances are present also in species of Annonaceae, 
Lauraceae, Magnoliaceae, Fumariaceae, Menispermaceae, 
and Papaveraceae (Flors and Nonell  2006 ).
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21.3        Phototoxins of Fungal Plant Parasites 

 Phototoxins are not used only for plant defense but also for 
attack on plants by parasitic fungi. So far only one case has 
been thoroughly researched, but a number of plant patho-
genic fungi produce photosensitizing substances. A review 
of the subject (Daub and Ehrenshaft  2000 ) has recently 
appeared. 

 The best known example of a plant parasite using a pho-
totoxin to weaken its host is the genus  Cercospora . About 
500 parasitic  Cercospora  species are known and cause, for 
example, leaf spot of sugar beet, gray leaf spot of corn, pur-
ple seed stain of soybean, frogeye leaf spot of tobacco, and 
brown eye spot of coffee. For sugar beet the active pigment, 
cercosporin (Fig.  21.5 ), has been isolated from 34  Cercospora  
species grown in culture, while other species do not produce 
cercosporin and still can parasitize plants.

   Cercosporin is a type II phototoxin. After reaching its 
triplet state during illumination, it reacts with oxygen to 
form singlet oxygen. The singlet oxygen destroys the cell 
membrane of host cells, which leads to leakage of nutrients 
to the fungus. 

 Of course, the fungus has cell membranes which could be 
damaged by cercosporin, so it must have some defense 
against its own toxin. In culture, they can accumulate up to 
millimolar toxin in the medium without observable toxic 
effects. In fact, it defends itself in two ways:
    1.    As long as the cercosporin is inside the hyphae, it is kept 

in a reduced form, which in light produces only a small 
amount of singlet oxygen. After secretion to the environ-
ment, it is oxidized to the highly active form. The two 
forms can be easily distinguished under the microscope, 
since the reduced form has a green fl uorescence and the 
oxidized one a red fl uorescence.   

   2.    In addition, the fungus is extraordinarily well equipped 
with a set of triplet and singlet oxygen quenchers. That 
they are effi cient is shown by the fact that  Cercospora  is 
resistant also to the effects of other singlet oxygen–pro-
ducing phototoxins. Among the quenchers of singlet oxy-
gen pyridoxine is thought to be particularly important for 
 Cercospora .     
 Interestingly,  Cercospora  does not produce cercosporin in 

darkness (when it would be of no use); its synthesis is trig-
gered by light. 

 Pigments having structures related to cercosporin (per-
ylenequinones, see Fig   .   25.1    ), and presumably having a cor-
responding function, are produced by a number of other 
fungi: by  Cladosporium  species, by the bamboo pathogens 
 Shiraia bambusicola  and  Hypocrella bambusae , and by 
 Stemphylium botryosum  and some  Alternaria  and  Elsinoe  
species. Also, light-requiring fungal toxins of other types are 
known, produced by  Cercospora  species and  Dothistroma 
pini  (Jalal et al.  1992 ; Stoessl et al.  1990 ).  

21.4     Phototoxic Drugs and Cosmetics 

 Many phototoxic drugs are either antibiotics or medications 
for blood pressure and heart disease, but there are also oth-
ers. In combination with light, they may cause extreme sun-
burn, vesicles, hives, and edema. Among antibiotics, 
photosensitivity reactions have more commonly been noted 
after administration of the following: doxycycline 
(“Vibramycin,” etc.), demeclocycline, tetracycline 
(Fig.  21.6 ), nalidixic acid, and lomefl oxacin. For blood pres-
sure and heart medications, a similar short list includes 
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hydrochlorothiazide (occurs as an ingredient in a large num-
ber of formulations), chlorothiazide, furosemide, and amio-
darone. Amiodarone is responsible for an unusually high 
number of cases. Among other drugs causing photosensitiv-
ity reactions, chlorpromazine and other phenothiazines and 
birth control pills containing estrogens may be mentioned.

   Somewhat surprising is the fact that also sun lotions con-
taining para-aminobenzoic acid (PABA) or esters of it, 
which are sold to protect from the sun, are also a common 
cause of photosensitivity. These substances were selected 
for their ability to absorb UV-B radiation (daylight with 
wavelength below 315 nm), since formerly this radiation 
was supposed to be the only threat from sunlight. At the 
long-wavelength edge of their absorption band, they let 
radiation through to depths where they can cause the photo-
sensitivity reactions. 

 It is well known that use of perfumes in combination 
with sunlight is unwise, because many perfumes are photo-
toxic or at least discolor the skin when exposed to sunlight. 
This is, of course, because many, if not most of them, are 
based on plant extracts and often contain substances men-
tioned in the section on phototoxins in plant defense. 
Freund ( 1916 ) described skin discolorations, which he 
attributed to eau de cologne containing bergamot oil, 
although he did not clearly  understand the role of sunlight. 
Bergamot orange,  Citrus bergamia , like many other  Citrus  
species, was later found to contain photosensitizing 
substances.  

21.5     Metabolic Disturbances Leading 
to Phototoxic Effects of Porphyrins 
or Related Compounds 

 A number of different disturbances in both humans and 
 animals lead to the appearance in the skin of phototoxic 
compounds such as uro- and coproporphyrinogens 
 (porphyrin precursors), protoporphyrin IX (the immediate 
precursor of heme, Fig.  21.7 ), and phylloerythrin (a 
breakdown product of chlorophyll, Fig.  21.8 ). These sub-
stances are phototoxins of type II, generating singlet oxy-
gen in light.

    In human patients, a variety of diseases have been 
described which go under the common designation of por-
phyria. With the exception of a type called acute intermittent 
porphyria, they lead to photosensitivity of the skin: variegate 
porphyria (Frank and Christiano  1998 ) and hereditary copro-
porphyria (acute porphyrias with increased levels of both 
porphyrin precursors and porphyrins) and porphyria cutanea 
tarda, erythropoietic protoporphyria, and congenital por-
phyria (nonacute porphyrias with increased levels of porphy-
rins). Porphyria is due to a disturbance in either the liver 
(hepatic porphyria or protoporphyria) or the red blood cells 

(erythropoietic porphyria or protoporphyria). To complicate 
things further, an erythrohepatic porphyria has recently been 
described (Gauer et al.  1995 ), and erythropoietic porphyria 
may lead to secondary damage to the liver. 

 Porphyria may be inherited or acquired, and even in cases 
when it is caused by environment, lifestyle, alcohol (Doss 
et al.  1999 ), lead poisoning, liver transplantation (Sheth et al. 
 1994 ), etc., inherited predisposition may play a role. Gross 
et al. ( 2000 ) remark in a review: “The molecular genetics of 
the porphyrias is very heterogenous. Nearly every family has 
its own mutation.” Correct treatment of porphyria is there-
fore not easy and requires very careful examination. 
Porphyria cannot be cured, but symptoms can often be ame-
liorated in other ways than avoidance of light. There are 
prospects for a future cure of the erythropoietic 
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 protoporphyria. In this condition, the enzyme ferrochelatase 
is lacking in the red blood cells, causing accumulation of 
protoporphyrin IX. It may become possible to cure this by 
retroviral-mediated gene transfer to the bone marrow (Todd 
 1994 ). At present the symptoms can be alleviated using 
 β -carotene, interestingly the same compound as used by 
plants to quench triplet chlorophyll. 

 In ruminants, another group of diseases with names such 
as geeldikkop (“yellow head”) and alveld is important. 
Geeldikkop, affecting sheep in South Africa, is the best stud-
ied of these. It is caused by saponins in the plant  Tribulus 
terrestris  (puncture vine or calthrops of the family 
Zygophyllaceae) grazed upon by sheep (Miles et al.  1994 ; 
Wilkins et al.  1996 ). Liver damage caused by these saponins 
prevents breakdown of phylloerythrin, a substance produced 
from chlorophyll by acid in the stomach and rumen bacteria. 
The phylloerythrin is circulated to skin capillaries, where it 
can be exposed to light. In other parts of the world,  Panicum  
species such as kleingrass or bambatsi grass,  P. coloratum  
(Muchiri et al.  1980 ; Bridges et al. 1987; Regnault  1990 ), 
and switchgrass,  P. virgatum  (Puoli et al.  1992 ), cause the 
same disease in sheep and in horses (Cornick et al.  1988 ). 

 Similar symptoms were induced by  Myoporum laetum  in 
calves (Raposo et al.  1998 ), and buttercup ( Ranunculus bul-
bosus ) has been suspected as a cause in cattle (Kelch et al. 
 1992 ). Mold fungi in hay and fungi in pasture can cause 
similar problems (Scruggs et al.  1994 ; Casteel et al.  1995 ). 
Finally, it has been known for a long time that cyanobacterial 
toxins in drinking water can cause liver damage with associ-
ated photosensitivity in cattle. In the case of the fungus 
 Pithomyces chartarum  in lamb pasture (Hansen et al.  1994 ), 
it is not clear whether the photosensitivity is due to primary 
photosensitization or liver damage.  

21.6     Polycyclic Aromatic Hydrocarbons 
as Phototoxic Contaminants 
in Aquatic Environments 

21.6.1     Nature and Occurrence of PAHs 

 Some compounds have a potential to become toxic or acquire 
increased toxicity when they interact with natural or simu-
lated sunlight. Such compounds with a possible environmen-
tal relevance include photoactive insecticides, such as 
naturally occurring α-terthienyl (Kagan et al.  1984 ,  1987 ) 
and some photodynamic dyes (Larson and Berenbaum 
 1988 ); a carbamate insecticide (Zaga et al.  1998 ), trinitro-
toluene (TNT, an explosive), and some related compounds 
(Davenport et al.  1994 ); photoreactive nanomaterials (e.g., 
TiO 2  nanoparticles) used in a wide range of products (Ma 
et al.  2012 ); and many polycyclic aromatic hydrocarbons 
(PAHs) (Newsted and Giesy  1987 ; Arfsten et al.  1996 ; 

Diamond  2003 ). PAHs, composed of multiple aromatic rings 
(Fig.  21.9 ) and present in coal and petroleum products, are 
widespread organic environmental contaminants, some hav-
ing carcinogenic potential. PAHs can be introduced into the 
environment, for example, through incomplete combustion 
of organic matter.  In aquatic environments oil spills, surface 
runoff from land, and industrial and domestic wastewaters 
are among the possible sources of PAH contamination, as 
well as airborne PAHs entering aquatic systems through dry 
fallout and rainfall (Neff  1979 ,  1985 ; Latimer and Zheng 
 2003 ). Photoenhanced toxicity of petroleum products 
(Pelletier et al.  1997 ; Wernersson  2003 ) and creosote 
(Schirmer et al.  1999 ) has been related to phototoxicity of 
PAHs present. Furthermore, liquid-phase elutriates of 
petroleum- containing sediments (Davenport and Spacie 
 1991 ), urban stormwater runoff (Ireland et al.  1996 ), as well 
as PAH-contaminated sediments (Ankley et al.  1994 ; 
Monson et al.  1995 ) contain phototoxic components, sug-
gesting the role of PAHs. Interaction with solar radiation has 
also been shown to increase the toxicity of weathered oil 
(Cleveland et al.  2000 ; Little et al.  2000 ; Barron et al.  2003 ).

   Although generally considered relatively acutely non-
toxic under normal laboratory lighting, numerous PAHs, 
such as anthracene, benzo[a]pyrene (3,4-benzopyrene, 
benzo[d,e,f]chrysene), fl uoranthene, and pyrene, have a 
potential to become highly toxic in the presence of UV radia-
tion, and a risk that PAHs constitute through this photoen-
hanced toxicity to aquatic organisms has been recognized 
(reviewed by Landrum et al.  1987 ; Arfsten et al.  1996 ; 
Ankley et al.  2003 ; Diamond  2003 ; Pelletier et al.  2006 ). 
Since bioassays used to test the toxicity of chemicals are 
commonly carried out in the laboratory under artifi cial light-
ing not including UV radiation, the risk related to photoac-
tive compounds in natural conditions can be underestimated 
with traditional toxicity testing. On the other hand, the 
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 ecological relevance of PAH phototoxicity evaluations and 
their use in risk assessment has been criticized (McDonald 
and Chapman  2002 ) as often experimental approaches can-
not be considered representative of natural environmental 
conditions where a suite of factors interact.  

21.6.2     Mechanisms of PAH Phototoxicity 

 Because of their chemical structure, many PAHs absorb 
energy in the UV waveband (Newsted and Giesy  1987 ; Huang 
et al.  1993 ; Diamond et al.  2000 ; Huovinen et al.  2001 ) 
(Fig.  21.9 ). According to the quantitative structure/activity 
relationship (QSAR) model, the phototoxicity of PAHs can 
be related to the HOMO-LUMO gap (i.e., energy difference 
between the highest occupied molecular orbital and the low-
est unoccupied molecular orbital), which has been suggested 
as a suitable ground state index of the electronic structure 
relating to absorbed energy and molecular stability (Mekenyan 
et al.  1994 ). However, the comparison of the phototoxic 
potency of PAHs is complicated because it is also related to 
the bioaccumulation potential of each compound (Boese 
et al.  1998 ). Contaminated environments generally contain a 
mixture of numerous PAHs, and phototoxicity of PAH mix-
tures has been regarded as somewhat additive (Swartz et al. 
 1997 ; Boese et al.  1999 ; Erickson et al.  1999 ). Co-exposure 
with other contaminants, for example, methyl tertiary-butyl 
ether or piperonyl butoxide, has been shown to increase bio-
concentration and photoinduced toxicity of some PAHs (Cho 
et al.  2003 ; Weinstein and Garner  2008 ). Also, substituted 
PAHs can contribute to phototoxicity (Boese et al.  1998 ; 
Kosian et al.  1998 ). With some exceptions, phototoxicity is 
likely in a substituted PAH only if the aromatic structure of its 
parent compound is phototoxic (Veith et al.  1995 ). 

 Phototoxicity of PAHs is reported to occur mainly via 
photosensitization and/or photomodifi cation reactions. The 
role of PAHs as active photosensitizers is related to their 
capability of forming triplet states and transferring their trip-
let energy to oxygen, potentially resulting in the formation of 
biologically damaging singlet oxygen (Foote  1987 ; Larson 
and Berenbaum  1988 ; see Chap.   1    ). Photosensitization reac-
tions of bioaccumulated PAHs in biological matrices are 
regarded as important mechanisms for phototoxicity, which 
is supported by studies demonstrating enhanced toxicity 
when bioaccumulation of PAHs in aquatic organisms is fol-
lowed by exposure to UV radiation in clean uncontaminated 
water (Bowling et al.  1983 ; Allred and Giesy  1985 ; Ankley 
et al.  1994 ,  1997 ; Boese et al.  1997 ; Monson et al.  1999 ; 
Huovinen et al.  2001 ). Phototoxicity via photosensitization 
is considered a function of both PAH dose in tissue and UV 
intensity (Ankley et al.  1995 ; Huovinen et al.  2001 ). 

 In addition to photodegradation (Neff  1979 ,  1985 ), PAHs 
may be photomodifi ed into more toxic forms, for example, 

via photooxidation (McConkey et al.  1997 ; Mallakin et al. 
 1999 ; Lampi et al.  2006 ). Photomodifi cation of PAH can 
result in a complex mixture of products (Mallakin et al. 
 1999 ). The enhanced toxicity of many photoproducts can 
probably be attributed to increased aqueous solubility and 
thus potentially increased bioavailability, as well as increased 
bioactivity (Duxbury et al.  1997 ; McConkey et al.  1997 ). 
Although many photomodifi ed PAHs are toxic as such, they 
can be phototoxic as well (Huang et al.  1993 ; Mallakin et al. 
 1999 ). According to model predictions, photosensitization 
and photomodifi cation contribute additively to phototoxicity 
(Huang et al.  1997 ; Krylov et al.  1997 ; Mezey et al.  1998 ; 
El-Alawi et al.  2002 ).  

21.6.3     Factors Affecting Exposure 
to Phototoxicity of PAHs in Aquatic 
Systems 

 Due to their hydrophobic nature, PAHs tend to accumulate in 
sediments and organic particles (Neff  1979 ,  1985 ), resulting 
in a decrease in their bioavailability to organisms. However, 
disturbance of contaminated sediment, for example, during a 
storm or dredging, may result in mobilization and resuspen-
sion of PAHs in the water, increasing the risk of phototoxic-
ity (Davenport and Spacie  1991 ; Ireland et al.  1996 ). On the 
other hand, because of their lipophilic nature, PAHs also tend 
to bioaccumulate in organisms. In addition to waterborne 
PAHs, possible routes of exposure to PAHs are their bioac-
cumulation from contaminated sediments (Ankley et al. 
 1994 ; Boese et al.  1998 ), through maternal transfer (Hall and 
Oris  1991 ; Pelletier et al.  2000 ), via ingested food and poten-
tially also via the food chain. Factors related to PAH bio-
availability and bioaccumulation, defi ning fi nally the body 
burden (together with metabolism) (reviewed by Burgess 
et al.  2003 ), form the basis for the photosensitization-based 
phototoxicity risk. 

 The potential for UV exposure varies in different types of 
waters. UV-B penetration depths can range from a few centi-
meters in highly humic lakes (Lean  1998 ; Huovinen et al. 
 2003 ; Kirk  2011 ), few meters in costal marine waters 
(Huovinen and Gómez  2011 ), to dozens of meters in clear 
oceanic waters (Smith et al.  1992 ; Kirk  2011 ). The spectra of 
underwater UV irradiance change with depth, as penetration 
decreases with decreasing wavelength (Lean  1998 ; Huovinen 
et al. 2003; Kirk  2011 ). This spectral variation among natural 
waters affect the potential for phototoxicity (Barron et al. 
 2000 ), since the phototoxic response is related to the UV 
absorption characteristics of a compound (Newsted and 
Giesy  1987 ; Diamond et al.  2000 ; Huovinen et al.  2001 ; 
Lampi et al.  2006 ) (Fig.  21.9 ). Aquatic biota in PAH- 
contaminated areas (particularly in clear, shallow waters and 
littoral areas, which often provide habitats for various aquatic 
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organisms during reproduction and early development) may 
be at risk. UV exposure and thus phototoxicity can also be 
increased, for example, during low fl ow (Ireland et al.  1996 ) 
or when organisms move up in the water column. Other fac-
tors, such as increased turbidity, which reduce the penetra-
tion of UV radiation in the water column, can attenuate 
phototoxicity as well (Ireland et al.  1996 ). 

 In addition to strongly contributing to attenuation of UV 
radiation, humic substances have a complex role in aquatic 
systems in potentially affecting the phototoxicity of PAHs. 
Dissolved humic material may mitigate the potential for pho-
toinduced toxicity (Gensemer et al.  1998 ,  1999 ) by reducing 
the bioaccumulation of PAHs to organisms (Oris et al.  1990 ; 
Weinstein and Oris  1999 ). On the other hand, the risk for 
phototoxicity may be increased as a result of higher UV pen-
etration in aquatic ecosystems due to decrease of dissolved 
organic carbon content induced by UV radiation (Morris and 
Hargreaves  1997 ), acidifi cation, and climate warming 
(Schindler et al.  1996 ). Humic substances as potential photo-
sensitizers (Larson and Berenbaum  1988 ) play a role in pho-
todegradation of aquatic contaminants via formation of 
reactive oxygen species by UV radiation (Boule et al.  1999 ). 

 In all, a variety of factors affecting the exposure of organ-
isms to PAHs and to UV radiation, as well as interactions 
between multiple environmental factors and stressors present 
in natural conditions, complicate the risk assessment for 
phototoxicity. Currently ecotoxicological risk assessment is 
facing new challenges under global climate change scenar-
ios, also infl uencing photoactivated toxicity as both PAH and 
UV exposure can potentially be altered by climate change in 
several ways (Gouin et al.  2013 ; Hooper et al.  2013 ).  

21.6.4     Phototoxicity of PAHs to Aquatic Biota 

 Since the early evidence of a potential risk of co-exposure to 
PAHs and UV radiation to aquatic organisms and environ-
ments (e.g., Bowling et al.  1983 ; Oris and Giesy  1985 ), 
information on the mechanisms of phototoxicity and the 
effects on aquatic biota have been increasing over the last 
decades. Phototoxicity of PAHs has been demonstrated in a 
variety of aquatic organisms, including bacteria, phytoplank-
ton, aquatic macrophytes, zooplankton, benthic inverte-
brates, insect larvae, amphibians, bivalves, and fi sh, with 
responses in biota ranging from acute lethality to chronic 
effects, such as reproductive impairment (reviewed by 
Landrum et al.  1987 ; Arfsten et al.  1996 ; Ankley et al.  2003 ; 
Diamond  2003 ; Pelletier et al.  2006 ; Barron  2007 ). 

 Species vary in their sensitivity to the phototoxicity of 
PAHs (Boese et. al.  1997 ; Hatch and Burton  1998 ; Spehar 
et al.  1999 ), which could be related to behavioral (Hatch and 
Burton  1999 ) and potentially to metabolic and morphologi-
cal differences. Translucent early life stages are expected to 

be more vulnerable to phototoxicity than pigmented juvenile 
and adult stages (Barron et al.  2005 ). Also previous exposure 
of organisms to UV radiation can lead to development of 
protective mechanisms (e.g., pigmentation) reducing their 
sensitivity (Boese et al.  1997 ; Gevertz et al.  2012 ). Defense 
mechanisms against oxidative stress, for example, carot-
enoid pigments, could mitigate the effects of PAH phototox-
icity by quenching singlet oxygen generated from PAH 
photosensitization (Gala and Giesy  1993 ). Xanthophyll 
cycling, which has traditionally been associated with photo-
chemical reactions to excess solar radiation, has been sug-
gested also as an energy dissipative response to photoinduced 
PAH toxicity in microalgae (Southerland and Lewitus  2004 ). 
Photoprotective UV-absorbing compounds, such as 
mycosporine- like amino acids reported in various aquatic 
organisms or phenolic compounds (phlorotannins) of brown 
algae, might affect phototoxic potential by providing 
 protection against UV exposure and possibly via their anti-
oxidant activity (Dunlap and Yamamoto  1995 ; Huovinen 
et al.  2010 ). Furthermore, a possibility for repair of photo-
toxic effects has been demonstrated (Oris and Giesy  1986 ). 

 Although phototoxicity potential of numerous PAHs is 
well known, attention should be paid to the ecological rele-
vance of especially laboratory-based results when using 
them in risk evaluations (McDonald and Chapman  2002 ). 
Overall, the importance of incorporating phototoxicity in 
water and sediment quality evaluations has been recognized, 
and recently conceptual frameworks (the adverse outcome 
pathway) have been proposed to improve predictive 
approaches and support ecotoxicological risk assessment 
(Ankley et al.  2010 ).      
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22.1  Introduction: What’s Up Down Under? 
The Ozone Layer’s Gone Asunder!

The fear of increased ultraviolet radiation at the Earth’s  surface 

in connection with depletion of stratospheric ozone caused by 

human activities has spurred not only diplomatic activity and 

political action but also the investigation of ultraviolet radia-

tion effects on biological systems, from cells to the biosphere 

as a whole. What has emerged is also a greatly increased 

understanding of daylight ultraviolet radiation as an ecological 

and health factor under natural conditions.

A great number of reviews and special volumes of books 

and journals on this subject have seen the light in recent 

years, such as Young et al. (1993), Lumsden (1997), Rozema 

(1999), and Rozema et al. (1997a, 2001). In the fulfillment of 

the Montreal Protocol, the United Nations Environmental 

Protection Programme (UNEP) regularly evaluates the bio-

logical consequences of ozone depletion, and some of the 

reports from these evaluations are now available as special 

journal issues van der Leun et al. (1995, 1999, 2003, 2007), 

UNEP (2011), and Williamson et al. (2014). Several popular 

science books deal with the subject, e.g., Nilsson (1996). 

The field has even been considered interesting enough for 

scientists dealing with the sociology of the scientific process 

(Nolin 1995) and has resulted in an account of the negotia-

tions involved in saving the ozone layer by one of the main 

actors (Benedick 1991, 1998). In recent years, there has been 

increasing attention on the interactions between ozone 

 depletion and climate change. It has been shown that the 

Montreal Protocol has been important also for climate pro-

tection (UNEP 2011) (Daniel et al. 2010; Velders et al. 2009, 

2012; Xu et al. 2013).

After a few words about ozone and ozone depletion and 

how it affects ultraviolet radiation, we shall start with a short 

account of some effects of ultraviolet radiation at the molecu-

lar level and go on to higher levels of biological organization.

22.2  The Ozone Layer

Ozone, O3, is formed from oxygen, O2, by the action of 

 ultraviolet- C (UV-C) radiation in the 175–242-nm band in the 

stratosphere. The high-energy UV-C photons first split some 

of the oxygen molecules into free oxygen atoms, O, which 

then combine with oxygen to form ozone. Ozone is also 

destroyed by photochemical reactions, which depend on alti-

tude. Most of the ozone is present at an altitude of 20–30 km, 

with concentrations decreasing above and below that level. 

Even at its peak near 25 km, its concentration rarely exceeds 

3 ppm. Troposphere concentrations are typically only 20–50 

parts per billion. In polluted regions, reactions in photochem-

ical smog can increase ozone concentrations to levels that are 

dangerous to human health. In some cities (e.g., Los Angeles), 

health warnings are issued when concentrations exceed 100 

parts per billion (which is still a much lower concentration of 

ozone than occurs at 25 km). The ozone molecules very 

 efficiently absorb UV-B radiation (of much higher fluence 

rate than the UV-C) and are thereby split again into free oxy-

gen molecules. The strong absorption of UV-B radiation in 

ozone molecules causes heating of the air, and layers higher 

up in the stratosphere, where the radiation is stronger, are 

heated more than the lower layers. This results in a lower den-

sity of the upper layers and is the reason that the stratosphere, 

in contrast to the lower atmosphere (troposphere), is strati-

fied, with very little vertical movement of air.
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The absorption maximum of ozone is at practically the 

same wavelength as that of DNA, and ozone protects 

DNA very efficiently from the radiation from the sun 

(Fig. 22.1).

It is only at UV-B wavelengths longer than about 

290 nm that sufficient radiation leaks through to interact 

with the long- wavelength edge of the DNA absorption 

band, as well as with other cell constituents. There is gen-

erally1 more ozone at mid to high latitudes than near the 

equator (Fig. 22.2). The average solar zenith angle is also 

greater at high latitudes (i.e., the average solar elevation 

above the horizon during the day is lower), and both of 

1 Apart from polar regions in the spring time, where heterogeneous reac-

tions on the surfaces of ice crystals can efficiently destroy ozone, lead-

ing to column ozone amounts less than 100 DU in Antarctica and less 

than 150 DU in the Arctic (Kuttipurath et al. 2012).

these circumstances contribute to a much lower yearly 

UV-B exposure at high latitudes compared to the tropics 

(Fig. 22.3).

The ozone column (the total amount of ozone from 

ground level to space) varies over the year, and both 

amplitude and phase are latitude dependent. In the 

northern hemisphere, the variation can be described by:

  

Dobson units (DU) for latitudes lower than 44°N and

 

DU for La >44°N, where La is the latitude in degrees and Dn 

the day number (January 1 = 1). These equations can be used 

to estimate the expected column (total) ozone once you know 

the yearly average (Fig. 22.2) but does not take recent 

changes into account. For values before 2013, go to NASA’s 

website “Ozone over your house” http://toms.gsfc.nasa.gov/

teacher/ozone_overhead_v8.html. For current values of 

ozone, go to http://www.temis.nl/protocols/O3global.html 

and get approximate values from maps there. Values of ery-

themal radiation can be obtained from maps at http://www.

temis.nl/uvradiation/UVindex.html. If you want spectral val-

ues of ultraviolet radiation, or values weighted in another 

ozonecolumn yearlyaverage
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Fig. 22.1 Spectrum of UV spectral irradiance for several observing 

conditions. Note the logarithmic scale. 300 DU (Dobson units) of ozone 

is an amount corresponding to a 3-mm-thick layer of pure ozone at a 

pressure of 1 bar and a temperature of 0 °C. The dashed vertical line 

marks the limit between UV-A radiation (315–400 nm) and UV-B 

radiation (280–315 nm). Ozone has appreciable absorption in the UV-B 

band but only a small effect on UV-A radiation. Therefore, the 

difference between the curves in the UV-A band corresponds mainly to 

the dependence on solar zenith angle (SZA). SZA’s 22.5 and 67.5 

correspond to noon at the summer and winter solstices, respectively, at 

latitude 45°. Note that in the UV-B region, the latter values are an order 

of magnitude less than the former
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ues there, but at the highest latitudes, anthropogenic depletion lowers 

the values. The ozone layer is subject to natural annual variations, as 
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way than erythemal, use the ozone values in combination 

with the “Quick TUV Calculator” at http://cprm.acd.ucar.

edu/Models/TUV/Interactive_TUV/.

The ozone column is also affected by the rhythms of the 

sun. The changes due to the 11-year cycle are rather small, 

about 1.5–2 % (Reid 1999). Although the sun radiates 

more ultraviolet radiation at a sunspot maximum than 

when the sun is “quiet,” the change is much larger in the 

ozone- forming UV-C band than in the UV-B band, and 

therefore the net effect is to make the UV-B fluence rate at 

ground level slightly less at a “solar maximum.” The 

effects due to changes in ozone transport are larger than 

the direct effect (Labitzke and van Loon 1997). Larger 

changes are likely to take place over longer solar cycles 

(Lean and Rind 1999). From the viewpoint of UV-B 

 conditions at ground level, the variations in cloudiness 

brought about by solar influence on the terrestrial 

 magnetosphere and thus on cosmic ray flux are probably 

more important than the ozone variations in both 11-year 

and long-term perspectives, but as yet they are largely 

unexplored. Concerning the ozone layer and UV radiation 

in the past, see Björn and McKenzie (2007).

22.3  Ozone Depletion

As noted above, ozone is continuously formed by UV-C radi-

ation and decomposed again by UV-B radiation. There are 

also other processes involved in the natural dynamics of the 

ozone layer, leading to the observed seasonal and latitudinal 

variabilities in ozone. Generally, the highest concentration of 

ozone occurs during the spring, and lowest amounts occur in 

the autumn (but see footnote on previous page). But this situ-

ation has been disturbed by emission of artificially generated 

substances, mainly organic halogen compounds and nitrogen 

oxides.

Many organic halogen compounds, such as the chloro-

fluorocarbons (CFCs), are very inert substances as long as 

they stay in the troposphere, but when they eventually reach 

sufficient altitude in the stratosphere, they are decomposed 

by the UV-C radiation there and produce free halogen 

atoms. Of these, fluorine atoms are of minor interest, but 

both chlorine and bromine react with “odd oxygen” (O as 

well as O3) and form monoxides: Cl + O = = > ClO and Cl 

+ O3 = = > ClO + O2. Nitrogen monoxide functions in an 

analogous way: NO + O = = > NO2; NO + O3 = = > NO2 + 

O2. These substances thus both destroy ozone already pres-

ent and prevent formation of new ozone by sweeping up the 

free oxygen atoms. Still, this would not be catastrophic in 

itself if the ozone-depleting substances would themselves 

be depleted by the process. However, the following reac-

tions also take place: ClO + O = = > Cl + O2; NO2 + O = = 

> NO + O2. In other words, through reactions which further 

deplete the stratosphere of ozone-forming free oxygen, the 

ozone- destroying substances are regenerated; a chain reac-

tion results. It has been estimated that a single halogen 

atom may destroy thousands of ozone molecules before it 

finally undergoes a chain-ending reaction of some kind. 

When we remember that the amount of ozone is so small, 

corresponding to about 3 mm of the whole atmosphere (or 

6 g out of the 10 tons of air on a square meter), it is under-

standable that the effect is serious. The ozone hole over 

Antarctica, which started to develop in the early 1970s and 

appears every  antarctic spring, is well known, but it is less 

well known that depletion has taken place everywhere in 

the world except near the equator and that it has, at times, 

been quite significant even in some populated parts of the 

world.
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Fig. 22.3 Latitude and cloud dependence of daylight UV-B radiation. 

The diagram shows (solid line) the annual erythemally active radiation 

(time-integrated irradiance) for various latitudes calculated for cloud- 

free conditions and (numbered symbols) the actually measured values 

at different locations. The difference is mainly due to clouds. Note that 

clouds can increase the irradiance under certain conditions, which is 

particularly evident at high southern latitudes. For Lauder and Leigh, 

clear-sky values were also estimated from measurements on cloud-free 

days. The numbers represent the following locations: 1 South Pole, 2 

McMurdo, 3 Palmer, 4 Ushuaia (Tierra del Fuego), 5 Lauder (New 

Zealand), 6 Hobart (Tasmania), 7 Melbourne, 8 Leigh (New Zealand), 

9 Sydney, 10 Perth, 11 Brisbane, 12 Alice Springs, 13 Darwin, 14 

Mauna Loa (Hawaii), 15 San Diego, 16 Kos (Greece), 17 Athens 

(Greece), 18 Thessaloniki, 19 Garmisch-Partenkirchen, 20 Oxford 

(England), 21 Reykjavik, and 22 Barrow (Alaska)
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22.4  The World Avoided by the Montreal 
Protocol

After scientists had realized that pollution of the atmosphere 

with nitrogen oxides (Crutzen 1970) and organic halogen 

compounds (Rowland and Molina 1974; Molina and 

Rowland 1974) threatens the ozone layer, they started trying 

to convince companies, politicians, and the public that emis-

sions of these substances must be limited. The resistance was 

very strong, since large economic interests were involved. 

Finally, however, they succeeded, and an international treaty, 

called the Montreal Protocol, was signed and later followed 

up, in steps, by amendments when it was found that the origi-

nal agreement was not sufficient.

The importance of the Montreal Protocol and follow-up 

agreements, by which the emission of ozone-depleting sub-

stances has been limited, can hardly be overestimated. 

Figures 22.4, 22.5a, b, and 22.6 show how biologically 

destructive ultraviolet radiation would have increased and 

the ozone layer would have decreased under “business as 

usual” conditions, compared to the situation under agreed 

Montreal limitations.

One of the consequences of increased ultraviolet radiation 

at ground level is increased risk of skin cancer. Figure 22.7 

depicts the number of new skin cancer cases expected each 

year to 2100 and the number that would have been expected 

in year 2030 without implementation of the Montreal 

Protocol.

The Montreal Protocol has also contributed to lowering 

the rate of increase in greenhouse gases, in fact more than the 

Kyoto protocol has (UNEP 2011; Daniel et al. 2010; 

Morgenstern et al. 2008; Velders et al. 2007, 2009; 2012; Xu 

et al. 2013).

In 1992, when the future of the ozone layer was still very 

uncertain, one of us (LOB) summarized the situation thus:

The roof on our living room

Our planet is unique, it is blue.

It has pulled a space-suit on, for me and you,

for all the members living here

in the biosphere.

Despite its tiny mass

the fragile shield of ozone gas

did not permit the rays of death to pass.

A billion years to make it,

ten or so for man to break it.

A hole has opened in the southern sky.

The question is no longer why:

It was the vicious CFC

that set the chlorine atoms free

and caused the thinning of O3.

Pinatubo coughed,

and set dust aloft,

contributing to a hole

also near the northern pole.

Leaky roof on living room

early sign of coming doom,

of the final cataclysm

killing every organism.

Men and women carry on.

Making more of self is fun.

But before all world is gone

something drastic must be done.

Is there still a little chance

of putting an end to the doomsday dance?

The adherence to the Montreal Protocol has prevented 

immediate catastrophe. The negative effects on crop production 

and ecosystems are judged to have been small (Wargent and 

Jordan 2013). It is estimated that the number of new skin cancer 

cases appearing during the year 2030 will be two million fewer 

due to the Montreal Protocol, and the number of cases avoided 

will be ever greater thereafter. However, in a long-term per-

spective, the future of the ozone layer is still uncertain, due to 

interactions between ozone and climate (Dameris 2010; IPCC 

2005). Increases in greenhouse gases lead not only to increased 

surface temperatures but also to decreased stratospheric tem-

peratures, and this affects the ozone layer. In addition to fore-

casting the future of the ozone layer, attempts have been made 

to probe its distant past (Björn and McKenzie 2007).

22.5  Molecular Effects of UV-B Radiation

We shall describe the most important effects on the molecu-

lar level. As an example of the large number of effects, 

Fig. 22.8 gives an overview of UV-B effects on plants. Some 

of these effects are common to all organisms, while others 

are specific to plants. Some of the effects of special relevance 

to man are dealt with in Chaps. 23 and 24.
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Fig. 22.5 (a) Projected changes in UV 

index in March under adherence to the 

Montreal Protocol (left) and without the 

Montreal Protocol (right). Effects of 

changes in cloud cover are not taken 

into account (From Newman and 

McKenzie 2011). (b) Same as in 

Fig. 22.5a, except that predicted 

changes are for November (changes in 

cloud cover have not been taken into 

account)
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22.5.1  Effects of Ultraviolet Radiation on DNA

Ultraviolet radiation directly absorbed by DNA (which may 

be UV-B under natural conditions but also UV-C under 

experimental or otherwise artificial circumstances) can elicit 

a number of different lesions, but the great majority are either 

dimerization or adduct formation, affecting only adjacent 

pyrimidine bases (thymine and cytosine) on one DNA strand. 

The dimerization products are referred to as cyclobutane 

pyrimidine dimers (CPDs) and the adducts, properly termed 

6–4[pyrimidine-2′-one] pyrimidines, are often called (6–4) 

photoproducts (Fig. 22.9).

Ultraviolet radiation transforms the (6–4) photoproducts to 

“Dewar photoisomers.” This transformation can take place 

with UV-A (Takeuchi et al. 1998), UV-B, or UV-C radiation 

(Ravanat et al. 2001). As shown in Figs. 22.9 and 22.10, 

 several diastereoisomers of CPDs are theoretically possible, 

but only the cis-syn type is, in fact, formed in double-stranded 

DNA. In single-stranded or denatured DNA also the trans- syn 

form can be generated, but in low yield. Pyrimidine bases may 

react to form CPDs as well as (6–4) photoproducts in the com-

binations TT, TC, and CT; for CPDs also CC is possible. The 

biological effects are very variable. In some cases replication 

is stopped at a lesion, in other cases replication continues, 

resulting either in a mutation (e.g., a change from thymine to 

cytosine, Jiang and Taylor 1993) or a normal DNA strand. 

Only specialists in the field can keep track of this, since the 

same type of lesion may have different consequences in differ-

ent organisms (e.g., Gibbs et al. 1993). The reader is referred 

to Ravanat et al. (2001) as an introduction to the literature.

CPDs are the most common UV-induced lesions in 

DNA. Under UV-C (254 nm) radiation 2–10 CPDs are formed 

per million bases per J/m2. As UV-B is more weakly absorbed 

by DNA, it is not surprising that the same result requires 

about two orders of magnitude more UV-B. CPDs occur at 
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Zealand, where the current mortality rates from melanoma skin cancer are 

the highest in the world, and (b) for Southwestern United States, where 

projected increases in the “World Avoided” are largest (From van Dijk et al. 

2013). Incidence rates for all forms of skin cancer are expected to increase 

markedly over the remainder of the twenty-first century, due mainly to 

changes in demographics (i.e., aging population). BCC basal cell carcinoma, 

SCC squamous cell carcinoma, CMM (sometimes designated MM) malig-

nant melanoma; see Sect. 24.5. The difference between the gray and black 

curves shows the effects of ozone depletions that have already occurred. 

Because of the success of the Montreal Protocol, the effect is small, and 

peaks around the middle of the century, about 50 years after the maximum 

ozone depletion, occurred. The brown symbols (circles) show the estimated 

total skin cancer rates that would have occurred by 2030 in the “World 

Avoided.” Note that because of the longtime lag between exposure and diag-

nosis, this represents the effects of ozone changes relatively early on (around 

year 2000) in the World Avoided scenario. In that scenario, ozone depletion 

accelerates rapidly after 2050 (Newman and McKenzie 2011), which would 

have led to much more extreme incidence rates by 2100. The red crosses 

(From Sneyd and Cox 2006) show the most recently published mortality 

rate for melanoma in New Zealand. The authors acknowledge Arjen van 

Dijk for providing us with the outputs from the model runs used for produc-

tion of this figure. Figure adapted from Williamson, CE, et al. (2014), Solar 

ultraviolet radiation in a changing climate. Nature Climate Change 4:  

434–441, doi:10.1038/nclimate2225
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higher frequencies than (6–4) photoproducts. Base order 

is important for UV susceptibility. Pyrimidine pairs with T 

(thymine) on the 5′-side, i.e., TT and TC, are about tenfold 

more reactive than those with C (cytosine) on the 5′-side (CT 

and CC). C at the 3′-side favors (6–4) photoproduct forma-

tion. For more details see Ravanat et al. (2001) and Yoon 

et al. (2000). In diatoms the frequency of (6–4) photoproducts 

was, on average, 85 % of that of CPDs (Karentz et al. 1991), 

but in most other organisms, it seems to be lower. CPDs, 

(6–4) photoproducts, and Dewar photoisomers block DNA 

replication and are a main cause of UV-induced cancer.

Another kind of lesion affecting cytosine is photohydra-

tion followed by deamination to yield uracil hydrate.

Purine bases in DNA may also be altered by ultraviolet 

radiation. Thus, adenine may combine with either an  adjacent 

adenine or with a thymine residue. This occurs with very low 
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Fig. 22.8 Overview of 

molecular effects of UV-B 

radiation on plants. ROS stands 

for reactive oxygen species (such 

as HO*, H2O2, O2
–, and 1O2). The 

UV-B receptor identified so far is 

the protein UVR8 (see Sects. 

12.3.3, 13.1, and 14.3.3)
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Fig. 22.9 Thymine residues in DNA and the most common types of 

lesion due to ultraviolet radiation. Dimers and (6–4) photoproducts 

arise from thymine by the action of UV-B or UV-C radiation, while 

Dewar photoisomers are formed from (6–4) photoproducts under the 

influence of UV-A radiation. Since cytosine (C) reacts in a similar way, 

and also can react with thymine, forming TT, TC, and CT dimers, there 

are in fact a multitude of possible lesion types, all with differently seri-

ous consequences for the organism
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yield but may be biologically important since it is not as 

 easily repaired as the CPDs and (6–4) photoproducts. At 

least the adenine-thymine adduct is also highly mutagenic 

(Zhao and Taylor 1996).

DNA bases may also suffer photooxidative damage, and in 

this respect guanine is particularly sensitive. This photooxida-

tion may take in various ways, and the frequency of various 

pathways has not yet been established. A direct photon hit in a 

base may expel an electron, and the electron hole can then 

migrate along the DNA chain until it encounters a guanine resi-

due, via interaction with water, resulting in 2,6-diamino-4-hy-

droxy-5-formamidopyrimidine. Deprotonation instead of 

hydration may also occur and gives another product. Another 

possibility is that a pyrimidine or purine base after photoexcita-

tion enters a triplet excited state and reacts with oxygen, result-

ing in generation of singlet oxygen (see Chap. 1). The singlet 

oxygen then attacks a DNA base, preferably guanine. In this 

way 8-oxo-7,8-dihydro- 2′-deoxyguanosine is formed. Finally, 

singlet oxygen and other reactive oxygen species (see Chap. 1 

and below) formed after photoexcitation of other chromo-

phores may also attack DNA in various ways. It is not known 

with certainty which cellular chromophores are most impor-

tant for such processes, but flavines are among the likely can-

didates. In any case UV-A is more important than UV-B, partly 

because its fluence rate in daylight is higher and partly because 

it penetrates further into organisms and natural waters.

Lesions in addition to those mentioned can be induced by 

direct action of the radiation on DNA. They occur at lower fre-

quency, but some of them may have some importance because 

they cannot be repaired by the rapid action of photolyases, only 

by the slower-acting light-independent, “dark” repair systems.

22.5.2  Photolyases and Photoreactivation

Most prokaryotic and eukaryotic organisms are equipped 

with two kinds of photolyases, enzymes that under the 

 influence of light repair these lesions. In older literature they 

are called photoreactivating enzymes. The physiological 

effects of photoreactivation were observed by Hausser and 

Oehmcke (1933) (see Fig. 22.11) long before the role of DNA 

was known. Other early publications on the subject include 

Dulbecco (1949) and Kelner (1949). Recent reviews have 

been written by Sancar (2003), Weber (2004), and Essen and 

Klar (2006). One main type of photolyase repairs the CPDs; 

the other type repairs (6–4) photoproducts. If a (6–4) photo-

product has been converted to a Dewar photoisomer, it can no 

longer be repaired by photolyase action. Production of pho-

tolyases are often stimulated by ultraviolet radiation (e.g., 

Berrocal-Tito et al. 1999)

The photolyases are of interest not only from the viewpoint 

of DNA repair, but also because they have played a role in the 

evolution of other photobiological systems (see Sect. 11.2.1.5 in 

Chap. 11 and Deisenhofer 2000). Since photolyases are so 

widespread among organisms and related types occur in dis-

tantly related organismal groups, and also because the need for 

DNA repair probably was very great before the emergence of 

cis-syn cis-anti trans-syn trans-anti

Fig. 22.10 Perspective drawings 

of the four different 

diastereoisomers that are possible 

for a cyclobutane dimer. Due to 

steric constraints, only the syn 

forms can be generated in DNA, 

and of these the trans-syn occurs 

only in single-stranded DNA. The 

lines indicate methyl groups 

(Redrawn after Ravanat et al. 

(2001))

Fig. 22.11 This banana, while still unripe, was first irradiated for 

2 min with UV-C radiation (254 nm, W/m2), except for the ends, which 

were wrapped in aluminum foil during irradiation. It was then irradiated 

with white light for the number of minutes indicated on the different 

sections. Finally it was allowed to ripen in darkness. Where the epider-

mal cells have been damaged by ultraviolet radiation, they have turned 

brown, while in other areas they have become yellow during ripening. 

White light after the ultraviolet has an ameliorating effect. This experi-

ment, which is recommended as a student experiment (see Chap. 24), is 

in principle the same as that by which photoreactivation was discovered 

by Hausser and von Oehmcke (1933) (Photo L.O. Björn)
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the ozone layer, they are thought to have evolved very early. In 

addition to amino acid sequence and the specificity for different 

lesion types, photolyases differ also in the chromophore consti-

tution and therefore also in the action spectra (Sect.  11.2.1.5 for 

photorepair. All photolyases (except “deoxyribozyme photoly-

ase”; see below) contain a flavin (FAD) as the main chromo-

phore but most of them also an accessory  chromophore. This 

can be methenyltetrahydrofolate (Henry et al. 2004; Selby and 

Sancar 2012), FMN (Ueda et al. 2005; Klar et al. 2006), 

7,8-dimethyl-8-hydroxy-5-deazaflavin or phosphoglutamyl- 

7,8-didemethyl-8-hydroxy-5-deazaflavin (Glas et al. 2009), or 

6,7-didemethyl-8-ribityllumazine (Zhang et al. 2013). See also 

Kiontk et al. (2014).

Based on amino acid sequences, the evolution of the pho-

tolyase/cryptochrome family of proteins is thought to have 

proceeded as follows (Todo 1999). An ancestral gene encoded 

a CPD photolyase and duplicated very early to form several 

copies. One of the copies evolved to become a class II CPD 

photolyase gene, which now occurs only in eukaryotes. 

Another copy evolved to become class I CPD photolyase 

gene. One copy gave rise to several related genes coding for 

(6–4) photolyase and plant and animal cryptochromes and 

Class III photolyases (Özturk et al. 2008) See also Chap. 13.

CPD photolyase splits CPDs by transferring an electron 

from the flavin chromophore, which has either been directly 

excited by light or by energy transfer from the antenna chro-

mophore. The negatively charged cyclobutane ring of the 

dimer then splits, after which the electron is returned to the 

flavin (Fig. 22.12). Yamada and Aoki (2006) have tried to 

study the reaction mechanism in even greater detail in an 

artificial photolyase.

A quite different kind of DNA photorepair by a “deoxyri-

bozyme photolyase” activity without participation of protein 

has been described by Chinnapen and Sen (2004, 2007), and 

Halldal (1961) has described photoreactivation in vivo (by 

direct photochemical splitting of lesions) by 223- nm radia-

tion, a process without ecological significance under present-

day conditions.

22.5.3  Spore Photoproduct and Spore 
Photoproduct Lyase

Bacterial spores are exceptionally resistant to ultraviolet 

radiation. This is partly due to low water content but also to 

the fact that their DNA is in a special state which prevents 

formation of the otherwise most common UV lesion, 

CPD. Their DNA is held in a special “A-like” configuration 

by binding to special proteins (Setlow 1992). Another type 

of lesion, spore photoproducts (Fig. 22.13), is produced from 

thymidine pairs in DNA by UV but at a lower rate than CPDs 

are formed in vegetative cells.
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Spore photoproducts cannot be repaired as long as the 

spore remains in its resting state, but it is essential that it is 

repaired very quickly when the spore starts to germinate, 

before extensive DNA replication takes place. This is achieved 

by a special lyase, which does not require light and has a 

structure quite different from the photolyases (Fig. 22.14). It 

contains an iron-sulfur center that reduces S-adenosyl-L-

methionine (SAM) in the enzyme. The resulting radical 

abstracts a hydrogen atom from the spore photoproduct to 

create a radical with the original thymine pair configuration. 

Finally, the hydrogen atom is returned via tyrosine and cyste-

ine groups in the enzyme and restores intact DNA.

22.5.4  Formation and Effects of Reactive 
Oxygen Species

Under the common name of reactive oxygen species (ROS), 

we lump together a number of oxygen-containing chemical 

species which arise in organisms by a variety of reactions. 

Experts dealing with effects of ionizing radiation, such as radi-

ation arising from radioactive decay of atomic nuclei, have 

been familiar with them for a long time. In photobiology, 

somewhat surprisingly, they are more important when we are 

dealing with effects of the less energetic UV-A photons than in 

the UV-B and UV-C fields, where direct radiation effects on 

DNA and other macromolecules dominate the picture. This is 

because the cell contains a number of chromophores which, 

when excited by UV-A photons, can give rise to ROS. Murphy 

(1990) and Murphy and Huerta (1990) found that UV-C irra-

diation of plant cells can give rise to hydrogen peroxide, prob-

ably by another mechanism as that described below for UV-B.

According to A.-H.-Mackerness et al. (2001), the main 

mechanism by which ultraviolet radiation increases the gen-

eration of ROS is indirect, by increasing the activity of 

NADPH oxidase and peroxidases. The generation of ROS 

by NADPH oxidase is well known from the vertebrate 

defense against bacterial infection, and an “oxidative burst” 

similar to that generated in vertebrate neutrophils (a kind of 

blood corpuscles) takes place also in the plant’s defense 

against infection (review by Lamb and Dixon 1997). 

NADPH oxidase functions according to the reaction for-

mula 2 O2 + NADPH = = > 2 O2– + NADP + H+.

The superoxide anion, O2
− so formed, is very reactive and 

may give rise to hydrogen peroxide:
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In the presence of iron as a catalyst, the most reactive of all 

ROS, the hydroxyl radical, OH, may be generated from 

superoxide anion and hydrogen peroxide:
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Peroxidase can contribute to the formation of O2
– by first oxi-

dizing NADH with H2O2 as an oxidant. This results in forma-

tion of a NAD radical (2 mol per mol of hydrogen peroxide), 

which reduces O2 to O2
−, a reaction stimulated by monophe-

nols and Mn2+. If the superoxide, after protonation, dismutates 

to form hydrogen peroxide as shown above, more hydrogen 

peroxide is generated than was originally consumed.

Enzyme systems and antioxidants protecting against 

effects of ROS are often increased in response to ultraviolet 

irradiation.

22.5.5  Effects of Ultraviolet Radiation 
on Lipids

Lipids containing unsaturated fatty acids are particularly 

susceptible by photooxidation. Such attacks may be initiated 

in two different ways (see Girotti 2001 for a review).

Type I photooxidation is started by the formation of a radi-

cal when photon absorption in a sensitizer (S) results either in 

expulsion of an electron resulting in a radical (which can 

abstract an electron or a hydrogen atom from a lipid molecule) 

or in formation of a triplet excited state (3S*). In the latter case, 

the following reactions can take place (LH symbolizing a lipid 

molecule and RH another reductant such as ascorbate, gluta-

thione, or a membrane component other than the lipid):
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Reaction (1) above results in two radicals: S–* and R*. Either 

of these could initiate a peroxidative chain reaction (6–7), 

creating new radicals via a two-step reduction of oxygen 

(2–3), and a Fenton reaction (4), generating the highly reac-

tive hydroxy radical (HO ) that readily attacks the lipid, 

eventually generating lipid peroxide (LOOH). A product 

also generated in such peroxidations is malonyl aldehyde, 

which is often used as an indicator to monitor peroxidative 

lipid breakdown. Another characteristic is generation of light 

(“ultraweak radiation”; see Chap. 26), which has been used 

to construct an action spectrum for lipid breakdown in plant 

leaves by ultraviolet radiation (Cen and Björn 1994). It 

should be pointed out that if suitable sensitizers are present 

in the appropriate compartments, this type of photooxidation 

can be mediated also by visible light. In addition to unsatu-

rated fatty acids, other lipids, like cholesterol, can be broken 

down by essentially the same type of process.

The oxygen appearing in the above schemes is ordinary 

(triplet) oxygen. In a type II photooxidation, singlet-excited 

oxygen (1O2, see Chap. 1) is first generated by energy trans-

fer from a sensitizer, which, after photoexcitation to a singlet- 

excited state, has reached the triplet state. The singlet oxygen 

then directly reacts with the double bond of an unsaturated 

fatty acid, and oxygen is added to form a peroxide: 

LH + 1O2 = = > LOOH.

There are many experiments showing deleterious effects 

of ROS generated by ultraviolet radiation (mostly UV-A but 

also UV-B), and in many cases hydrogen peroxide is blamed 

for the effect (e.g., Petersen et al. 2000). Not surprisingly the 

H2O2-degrading enzyme catalase has been shown to play a 

protective role. But it appears that catalase sometimes is to 

blame for the generation of ROS (Heck et al. 2003).

22.5.6  Photodestruction of Proteins

Proteins may be affected by ultraviolet radiation in various 

ways. Enzymes in which sulfhydryl groups are essential for 

the function are sensitive to photooxidative damage. One of 

the most sensitive proteins is photosystem II, a protein com-

plex having a key role in oxygenic photosynthesis. In short- 

term experiments on photosynthesis, this was frequently 

found to be the most ultraviolet-sensitive link. However, it 

seems that long-term, ecologically relevant inhibition of 

photosynthesis by UV-B radiation has other causes (see 

below).

Proteins can be photochemically cross-linked to adjacent 

nucleic acids, which is one more mechanism by which ultra-

violet radiation can affect DNA. Enzymes may be inactivated 

also by visible light if they absorb it (e.g., Björn 1969) or via 

sensitizers which absorb visible light.

22.5.7  UV Absorption Affecting Regulative 
Processes

Many organisms have special receptors for ultraviolet 

 radiation, which enable them to regulate various processes 

in accordance with ambient radiation levels, or even to 

locate environments of higher or lower radiation, or to 

locate sources of radiation. Most of these, including recep-

tor cells in the eyes of many animals, respond only to UV-A 

radiation. However, at least some plants and some algae 

possess receptors for UV-B, and in humans trans-urocanic 

acid (see Chap. 12) can probably be regarded as a molecu-

lar UV-B photoreceptor, even if we presently do not under-

stand the significance. However, many processes are 

regulated by UV-B, seemingly without any photoreceptors 

specifically evolved for regulation. Thus, many genes are 

regulated in both plants and animals via photon absorption 

in DNA. It is too early to say whether this is, in general, to 

be regarded as a stress response to DNA damage inflicted 

by the radiation.

In other cases, regulation proceeds via the formation of 

ROS (A.-H.-Mackerness et al. 1999, 2001, and literature 

cited therein). This seems to be the case with the downregu-

lation by increased UV-B of several genes of importance for 

photosynthesis. Reactive oxygen species also affect a num-

ber of hormone systems (Fig. 22.7).

The specific UV-B receptor in plants, with an action max-

imum at 295 nm, has now been identified as the protein 

UVR8 (Chap. 13). It regulates growth processes and the 
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synthesis of flavonoids and other substances. Flavonoids 

serve as UV-B-absorbing filters and also have other func-

tions in the plants.

It may be wrong, however, to regard the regulation by 

reactive oxygen species and regulation by an UV-B receptor 

as two different pathways. As described in Sect. 22.5.4, a 

major way for generation of ROS may be the increase in 

activities of NAD oxidase and of peroxidase. This increase 

may be achieved via the UV-B receptor.

22.5.8  UV-Induced Apoptosis

Induction of apoptosis (programmed cell death), because of 

its medical importance, has been studied most thoroughly in 

mammals but is known to occur in other eukaryotes as well. 

Apoptosis is a normal process in plant development, for 

instance, in xylem differentiation, and induction of apoptosis 

by UV-C has also been observed in plants (Danon and Gallois 

1998). In the flagellate Euglena, induction of an apoptosis- 

like process was observed by Scheuerlein et al. (1995).

According to Godar (1999a, b), several mechanisms for 

apoptosis caused by UV-A radiation in the wavelength range 

340–400 nm can be distinguished. Two of these depend on 

the generation of ROS. Formation of singlet oxygen results 

in “immediate pre-programmed cell death,” which takes 

place in less than 20 min, does not require protein synthesis, 

and depends on the opening of a “megapore” in the mito-

chondrial membrane, which releases chemical apoptosis sig-

nals into the cytosol. Another pathway for “immediate” 

apoptosis depends on the formation of superoxide anion, 

which probably is transformed to hydroxyl radical before 

interacting with another part of the mitochondrial megapore, 

which releases cytochrome c. The presence of cytochrome c 

in the cytosol then causes apoptosis. A third, slower (“inter-

mediate”) kind of apoptosis is caused by absorption of radia-

tion in the plasma membrane, causing cross-links in the “Fas 

receptor” there, which via formation of “caspases” 

(apoptosis- signaling proteins) lead to opening of the mito-

chondrial megapore. Finally, there are several forms of 

“delayed” apoptosis, caused by lesions in DNA. At least 

some of these signaling channels also go via opening of the 

mitochondrial megapore. For UV-B-induced apoptosis, CPD 

formation in DNA can be involved, since Nishigaki et al. 

(1998) have shown that photorepair of CPDs can prevent 

UV-induced apoptosis.

22.6  Ultraviolet Effects on Inanimate 
Matter of Biological Relevance

We have already described how ultraviolet radiation affects 

the composition of the upper stratosphere. It also has effects 

on the troposphere. Among other processes, it contributes to 

the formation of smog. Increased UV-B in the troposphere 

leads to increased concentration of hydroxyl radical, which 

in turn results in increased removal of organic compounds 

and oxides of sulfur and nitrogen. These effects are probably 

more beneficial than negative for life in general. On the other 

hand, concentrations of hydrogen peroxide, organic perox-

ides, and ozone in the troposphere increase when UV-B radi-

ation increases. The overall effect on air quality is probably 

negative, and various organisms are affected to very different 

degrees. Tropospheric ozone in particular is clearly a prob-

lem for vegetation in many parts of the world.

In the aquatic environment, UV-B decomposes dissolved 

organic matter, thus making the water more transparent and 

increasing penetration of ultraviolet radiation, as well as 

making the organic substances more available for bacterial 

growth. Photochemical reduction of iron and manganese is 

an important process in some aquatic ecosystems (reviewed 

by Wu and Deng 2000). For this, UV-A, and to some extent 

visible light, is more important than UV-B. UV-A and UV-B 

can also decrease availability of iron by chelating agents, 

which is a considerable problem in the use of artificial iron 

fertilization in some countries.

In the terrestrial environment, ultraviolet radiation affects 

dead plant matter (litter) in a complex way. The chemical com-

position of the litter is affected already in the living state: More 

secondary substances are usually formed in plant parts under 

increased radiation, making the matter derived therefrom more 

resistant. After litter has formed, organic compounds in it are 

photochemically broken down by ultraviolet radiation, pro-

vided they are sufficiently exposed. The activity of some litter-

decomposing fungi, on the other hand, is hampered by 

ultraviolet radiation. In some investigations the overall effect 

was that organic carbon as well as nitrogen disappeared more 

rapidly under increased UV-B radiation (Gehrke et al. 1995; 

Paul et al. 1999), while in other cases decomposition was 

decreased by UV-B radiation (Moody et al. 2001 and refer-

ences therein). The rate of litter breakdown is very important in 

some environments, since it may be the most important process 

making plant nutrients available for new growth.

22.7  UV-B Radiation in an Ecological 
Context

As we have seen, UV-B radiation can act destructively on 

DNA and other cellular constituents, but it can also act in a 

regulating way, and it modifies the physical environment. In 

the early days of research regarding UV-B effects on organ-

isms and ecosystems, there was an overemphasis on the 

direct, destructive effects of UV-B on organisms. Nowadays, 

most researchers in the field are of the opinion that the 

important effects of UV-B change resulting from changes in 

the ozone layer and cloudiness will not be these effects but 

modulations in the way organisms influence one another. 
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The literature on this is voluminous. We shall here only 

briefly give some examples and refer the interested reader to 

recent reviews, books, and special journal issues devoted to 

the subject (e.g., Björn 1996; Helbling et al. 2001a; Rozema 

et al. 1997a, b, 2001, 2002; Hessen 2002a).

22.7.1  Aquatic Life

Few biological effects of the increase in UV-B that has 

resulted from ozone depletion have been directly recorded, 

so most effects are inferred from experimental manipulation 

of the radiation level. Direct detection of ozone depletion 

effects is hampered by the lack of baseline data, i.e., lack of 

information of the situation prior to ozone depletion. In the 

Southern Ocean, one can clearly monitor how photosynthe-

sis decreases when the ozone hole sweeps over the moni-

tored area (Smith et al. 1992). Different phytoplankton 

species are affected to very different extents.

Even if the effects of ozone depletion are difficult to 

 monitor in most water bodies, the impact of UV-B in situ can 

be inferred from the vertical distribution of photosynthesis, 

as photosynthesis is partly inhibited in the upper layers 

where the UV-B radiation is strongest (e.g., Helbling and 

Willafañe 2002). The degree of vertical mixing of water, 

which varies with location and season, is important in this 

context. During the seasons most important for UV-B effects, 

the upper mixed layer is shallow in antarctic waters (mean 

depth 50 m), while in the Arctic it varies between 100 and 

300 m. When arctic phytoplankton become exposed to 

UV-B, they are therefore to a higher degree “dark adapted” 

than antarctic phytoplankton and, therefore, on average, 

more sensitive (Helbling and Willafañe 2002).

In coastal waters, and in freshwater bodies in particular, 

UV-B does not penetrate as far as in the open sea and there-

fore affects only a shallow layer. This can still be of impor-

tance, as larvae of many organisms important for the food 

web live near the surface in these waters. The food web in 

aquatic ecosystems is generally more complex than in ter-

restrial ecosystems, and organisms at each trophic level, with 

the possible exception of mammals and birds, can be affected 

by UV-B at some stage of development.

One might suspect that the smaller a unicellular organism 

is, the more susceptible it would be to UV-B radiation. A 

small organism has less possibility than a larger one to pro-

tect the most sensitive parts (especially its DNA) by shield-

ing layers containing radiation-absorbing substances. Some 

evidence in this direction was presented by Karentz et al. 

(1991), who compared DNA damage and survival for a num-

ber of planktonic diatom species of different size exposed to 

UV-B radiation. Although the data were scattered, there was 

a clear tendency for fewer DNA lesions in species with a 

small surface area: volume ratio (as a large cell has in com-

parison with a small one, although there is also a shape factor 

involved). They also (but comparing only four species) 

showed a negative correlation between survival and fre-

quency of DNA lesions. Such a size-selective effect of UV-B 

could have serious consequences for consumer organisms, 

who may simply find the surviving prey too big for con-

sumption. In fact, van Donk et al. (2001) found UV-B irra-

diation to decrease the fraction of phytoplankton, which was 

considered “Daphnia-edible.”

Several other authors have also mentioned a higher toler-

ance among larger species. But this relationship cannot be 

upheld when distantly related organisms are compared, and 

its generality is questionable even when organisms within 

the same group are compared. Thus Peletier et al. (1996) 

found no relationship between cell size and UV-B sensitivity 

among benthic diatoms. Laurion and Vincent (1998) con-

clude that cell size is not a good predictor of UV-B sensitiv-

ity and that, in particular, the cyanobacteria-dominated 

picophytoplankton is less sensitive than would be assumed 

on the basis of a size-sensitivity relation. Also, Helbling 

et al. (2001b) find that picoplankton is more resistant than a 

cell size relationship would predict.

In the case of marine Prymnesiophyceae, it was found 

(Mostajir et al. 1999b) that prolonged exposure to UV-B 

caused an increase in cell size, which possibly diminished the 

risk of genetic damage, but above all changed the availability 

and quality of these organisms as food for grazers. Most 

organisms (including ourselves) have pigments which protect 

against ultraviolet radiation (the human skin pigment melanin 

protects in both optical and chemical ways, as do also some 

plant pigments; Rozema and Björn 2002). In cyanobacteria 

and many (but not all types of) algae, so-called mycosporine-

like amino acids (MAAs) constitute an important group of 

UV-protecting pigments. In general, however, they protect 

mainly against UV-A, rather than UV-B radiation (Sinha et al. 

1998, 2001; Bishof et al. 2002). Although they are produced 

by cyanobacteria and some algae and fungi, they are taken up 

by grazing animals and used also by them as protecting pig-

ments (Sinha et al. 1998). For many aquatic animals, carot-

enoids serve as important protectants (Hessen 2002b).

Despite the many negative effects of UV-B radiation, it is 

frequently found that concentrations of various aquatic 

organisms are increased when UV-B levels are increased. 

For both bacteria and phytoplankton species, this can be due 

to a greater sensitivity of the predators, and therefore a 

decline in predation (Mostajir et al. 1999a). For bacteria it 

can also be due to increased availability of nutrients when 

dissolved organic matter is decomposed by the radiation 

(Herndl et al. 1997).

22.7.2  Terrestrial Life

As in the case of aquatic life, few biological effects of the 

increase in UV-B that has resulted from ozone depletion 
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have been directly recorded, so the majority of effects are 

inferred from experimental manipulation of the radiation 

level, e.g., Björn et al. (1997). Only in Antarctica, and in 

Tierra del Fuego, where the ozone hole provides a great 

increase in radiation level, can a direct biological impact of 

ozone depletion be recorded. Thus Rousseaux et al. (1999) 

found that CPD frequency in DNA in plant leaves tracked 

variations in ambient UV-B in Tierra del Fuego. Several 

researchers have been inspired to do research on the two 

higher plant species in Antarctica. The 4-year study of Day 

et al. (2001) provides data to allow the conclusion that the 

ozone hole has had an impact on plant life there. These 

researchers compared plants under UV-B- transmitting and 

UV-B-excluding filters. Since the “natural” (prehole) UV-B 

level is so low, the plants under UV-B- excluding filters were 

probably developed in a way very similar to prehole plants. 

Many morphological differences between plants exposed to 

the two treatments were noted. There was some evidence 

that effects accumulated over the years. See Day (2001) for a 

review of related literature.

Experiments with exclusion of ambient UV-B from natu-

ral ecosystems have also been conducted in Tierra del Fuego 

(Ballaré et al. 2001), and there are many exclusion studies 

carried out elsewhere showing that the ambient ultraviolet 

radiation, even in regions of the world where the ozone 

depletion has not been severe, is an important environmental 

factor for many terrestrial (as for aquatic) organisms. In most 

cases there is little or no direct inhibition of photosynthesis 

and biomass production by plants. The important effects 

instead arise in the interaction between organisms. Thus 

morphological changes in plants can lead to changes in the 

interspecies competition for light (Barnes et al. 1988). 

Changes in UV-B often result in changes in herbivory. In 

most cases increased UV-B leads to decreased herbivory due 

to changes in chemical composition of the plants (Gwynn- 

Jones 1999 and reports cited therein). However, other cases 

are also known: Herbivory may be increased by increased 

UV-B (Lavola et al. 1998; Buck and Callaghan 1999), and it 

seems that some insects can perceive UV-B and react directly 

on changes (Buck and Callaghan 1999). Also, interactions 

between microorganisms and other organisms can be 

changed by changes in UV-B, although the conclusion of 

Paul (2000) is that it is not probable that ozone depletion will 

cause any substantial change in the incidence or severity of 

crop diseases.

22.8  Effects on Human Eyes

Most medical effects of ultraviolet radiation take place via 

the skin; such effects will be dealt with in Chap. 24. The only 

medical effect of ultraviolet radiation that shall concern us in 

the present chapter will therefore be those on the eyes.

According to Boottner and Welter (1962), different wave 

bands of ultraviolet radiation incident on the cornea are 

absorbed in the various tissues of the eye as shown in 

Table 22.1. The values in Table 22.1 should be regarded only 

as approximate values. Especially the lens transmission 

(Fig. 22.15) varies between individuals, and it is normal that 

it decreases with age (even if no cataract develops), and this 

decrease affects also the blue wave band, and thus decreases 

the eye’s sensitivity to blue light. For further information on 

transmission of ocular media, see Polo et al. (1997).

Because it does not penetrate any further, UV-C radiation 

can directly affect only the cornea and conjunctiva and the 

most common type of UV-C radiation (254-nm radiation 

from low-pressure mercury lamps) only the outermost part 

of the cornea.

UV-C radiation is, in a way, the least dangerous kind of 

ultraviolet radiation as far as the eyes are concerned, since 

the person who has been exposed will very quickly be aware 

of it and will in the future avoid exposure. Within 2–3 h after 

the radiation exposure, very unpleasant symptoms will 

develop. It feels as if the eyelids are covered with sandpaper 

on the inside. If the exposure has not been very severe, the 

pain will disappear in a couple of days. The scientific name 

for this is photokeratitis, and it can also be caused by UV-B 

Table 22.1 Percentage of radiation incident on the cornea over the 

pupil that is absorbed in various parts of the eye

Wavelength, 

nm Cornea

Aqueous 

layer Lens Vitreous body

280 100 0 0 0

300 92 6 2 0

320 45 16 36 1

340 37 48 48 1

360 34 52 52 2
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Fig. 22.15 Average spectral transmission of a human lens for two age 

groups (Redrawn and simplified after Artigas et al. (2012))
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radiation in daylight. Well-known forms of photokeratitis are 

“snow blindness” and “welder’s flash.” According to 

Podskochy et al. (2000), photokeratitis is caused by 

UV-induced apoptosis of cornea cells, resulting in a speeding 

up of the cell shedding (Ren and Wilson 1994), which nor-

mally takes place at a lower rate. This exposes subsurface 

nerve endings, which causes the gritty feeling and the pain. 

The action spectrum for ultraviolet damage to the cornea was 

determined by Pitts et al. (1977).

Cataract is a common and serious group of diseases, 

which lead to opacity of the lens and ultimately to blindness. 

Cataracts are usually divided into cortical, nuclear, and pos-

terior subcapsular cataracts. Of these, nuclear cataracts do 

not seem to be caused by UV exposure, while the two other 

forms are (Taylor 1994; see also Zigman 1995). In the United 

States, the probability of cataract surgery increases by 3 % 

for each degree decrease of latitude (Javitt and Taylor 1994). 

Such surgery involves removal of the lens and often replace-

ment of it with an artificial (acrylate) lens. Nowadays a lens 

material is chosen that absorbs ultraviolet radiation effi-

ciently, so radiation exposure of the inner parts of the eye 

will not be increased after the operation.

Action spectra for cataract induction in lenses of rat and 

swine have been determined by Merriam et al. (2000) and 

Oriowo et al. (2001). The highest sensitivity occurs around 

295–300 nm, i.e., in the middle of the UV-B band.

UV-related cancer forms, such as melanoma (Michalova et al. 

2001) and squamous cell carcinoma, affect not only the skin but 

also the eye. Newton et al. (1996) estimate that the incidence of 

squamous cell carcinoma of the eye doubles for a 50° increase in 

latitude (from the United Kingdom to Uganda), but genetic fac-

tors have not been taken into account in this estimate.

Pterygium is an outgrowth of the conjunctiva over the 

cornea. It is strongly related to sun exposure (Threlfall and 

English 1999; see also literature cited by Longstreth et al. 

1998), but the spectral dependence is not known.

Regarding the role of ultraviolet light (and visible sun-

light) in eye disease, the reader is also referred to WHO 

(1994), Taylor (1994), Young (1994), Sliney (1997), Scott 

(1998), and Longstreth et al. (1998).
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      Abbreviations 

   1,25(OH) 2 D    1,25-dihydroxyvitamin D   
  25(OH)D    25-hydroxyvitamin D   
  IFN    Interferon   
  IL    Interleukin   
  LC-MS/MS     Liquid chromatography-tandem mass 

spectroscopy   
  MS    Multiple sclerosis   
  PTH    Parathyroid hormone   
  TNF    Tumour necrosis factor   
  UV    Ultraviolet   
  VDR    Vitamin D receptor   

23.1         Introduction 

 Some of us remember how we were forced to swallow a 
spoonful of cod liver oil every day and were told that it con-
tained vitamin D and that we had to eat it to get good bones. 
At that time, we did not wonder why it was in the cod or how 
it got there. 

 The early research history relating to vitamin D has been 
recounted many times, for instance, by DeLuca ( 1997 ), and 
only a short summary will be given here. Rickets was fi rst 
described in England by Whistler ( 1645 ) and Glisson ( 1650 ). 
In the next century, Sniadecki established a connection 
between skeleton malformation and lack of sunlight among 
children in Warsaw (Mozolowski  1939 ). The disease became 

known as the English disease in many countries. Mellanby 
( 1918 ) demonstrated that rickets (Fig.  23.1 ) could be pre-
vented in dogs by supplementing their diet with cod liver oil, 
and Hess and Unger ( 1921 ) showed that rickets could be 
cured by sunlight. Hess and Weinstock ( 1924 ) and Steenbock 
and Black ( 1924 ) showed that the exposure of lettuce and 
several other foodstuffs to radiation from a mercury vapour 
lamp would render them antirachitic.

   Several treatises on medical aspects of vitamin D are 
available, e.g. DeLuca ( 1997 ), Feldman, Glorieux and Pike 
( 2005 ), Holick ( 2010 ), Bouillon et al. ( 2004 ), Lips ( 2006 ), 
and Norman ( 2006 ). Many later reviews deal with various 
special aspects of vitamin D, such as the molecular mecha-
nisms of action (Haussler et al.  2013 ). Here vitamin D will 
be considered broadly covering not only medical aspects but 
also photochemistry, its role in non-human organisms, and 
evolutionary, ecological, and biogeographical aspects.  

23.2     Chemistry and Photochemistry 
of Provitamin and Vitamin D 

 There are at least two kinds of vitamin D (also called calcif-
erol), i.e. vitamin D 2  (ergocalciferol) and vitamin D 3  (cho-
lecalciferol), with slightly different structures (Fig.  23.2 ). 
The reason that there is no vitamin D 1  is that the product 
fi rst given this name turned out not to be a single com-
pound but a mixture. In some non-mammal vertebrates, 
other compounds act in a similar way as vitamins D 2  and D 3  
(Holick  1989 ), but they have not been chemically defi ned. 
In most organisms, the synthesis of vitamin D requires 
UV-B radiation. Exceptions to this rule will be described 
later. Vitamin D is formed from the provitamins (provitamin 
D 2 , also called ergosterol, and provitamin D 3 , also called 
7- dehydrocholesterol). UV-B radiation can photoisomerise 
the provitamins to the corresponding previtamins, either 
in vivo without the mediation of any enzyme or in solution. 
The previtamins are slowly converted by a nonenzymatic 
and non-photochemical reaction to the vitamins (Fig.  23.2 ).
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   Provitamin D 3  is synthesised in the upper layers of the 
human skin. Exposure to sunlight converts it to previtamin 
D 3 , which is in turn converted to vitamin D 3 . Since a vitamin 
is defi ned as a substance necessary for health which cannot 
be synthesised by the body and must be ingested with the 
food, vitamin D is, strictly speaking, not a vitamin. Since, 

however, exposure to sunlight can be insuffi cient for main-
taining health and defi ciency can be prevented by vitamin D 
in food, the vitamin status is defendable. 

 The recommended daily intake of vitamin D has been 
gradually raised, for instance, during 2013 in Sweden from 
7.5 to 10 μg/day (and from 10 to 20 μg/day for the elderly). 

  Fig. 23.1    X-ray plates showing signs of vitamin D defi ciency (rickets): incomplete bone formation in the wrist and knee and malformed legs in a 
child (Courtesy Dr. Michael L. Richardson, University of Washington Department of Radiology)       
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This is insuffi cient for prevention of defi ciency if exposure to 
UV-B radiation does not supplement the intake. It was found, 
e.g. that Moslems in Denmark were still defi cient after tak-
ing 15 μg/day (Glerup et al.  2000 ). Attempts to avoid the 
need for UV exposure by high daily intake (over 50 μg daily) 
cannot be recommended, as this can lead to vitamin D intoxi-
cation. Exposure even to high daily fl uence of UV-B radia-
tion can never lead to vitamin D overdosage, as will be 
explained below. 

 As mentioned, the vitamin D precursor previtamin D is 
formed from provitamin D by a photochemical reaction 
(Figs.  23.2  and  23.3 ) driven by UV radiation (UV-B in the 
natural condition, but UV-C can also be used artifi cially). 
But this is far from the only UV-driven reaction in the 
 vitamin D context. The basic photochemistry of the vita-
min D system was summarised by Havinga ( 1973 ). 
Previtamin D is also sensitive to UV radiation and can 
undergo three different photoreversible photochemical 
reactions. It can be either reconverted to provitamin D or 
converted to lumisterol or tachysterol and further irrevers-
ibly to products known under the common name of toxis-
terols (Boomsma et al.  1975 ). Vitamin D is sensitive to UV 
radiation and can be photoconverted to three compounds: 
 5 , 6 - trans -vitamin D 3 , suprasterol 1, and suprasterol 2 
(Webb et al.  1989 ).

   Havinga ( 1973 ) states that the quantum yields are inde-
pendent of wavelength or at least have the same values at 254 
and 313 nm. There is, however, as will be detailed below, an 
important exception to this rule. Although some literature 
sources give values slightly different from those of Fig.  23.3 , 
there is no indication of differences in quantum yield between 
the D 2  and D 3  series. 

 Provitamin D 3  is present in mammalian skin not only in 
free form but also esterifi ed with fatty acids, and the esteri-
fi ed provitamin is transformed to esterifi ed vitamin D 3  upon 
exposure to UV radiation (Takada  1983 ). In fact, most of the 
provitamin and vitamin D in rat skin is in the esterifi ed form. 

 A number of authors (reviewed by Dmitrenko et al. 
 2001 ) have found curious behaviour for the quantum yield 
of the photochemical ring closure of previtamin D (ring 
closure results in either conversion back to provitamin D or 
to formation of lumisterol, which has the same structure as 
provitamin D except for the direction of a methyl group, 
which is up for previtamin D in Fig.  23.2 , down for lumis-
terol). This quantum yield increases slowly with wave-
length from 295 to 302 nm but then doubles from 0.08 at 
302 nm to 0.16 at 305 nm and then increases steadily to 
0.29 at 325 nm. The quantum yield of  cis - trans  isomerisa-
tion to tachysterol decreases correspondingly over the same 
wavelength range. Various explanations for this behaviour 
have been advanced (see Dmitrenko et al.  2001  for further 
literature). 

 There are more complications to this photochemical sys-
tem, which at fi rst glance looks rather simple. It was found 
that the thermochemical step forming vitamin D, following 
the photochemical conversion of provitamin D, takes place 
more quickly in cells than in solutions (Tian et al.  1993 ; 
Holick et al.  1995 ). The reason for this is the existence of the 
conformer of previtamin D (lower right, Fig.  23.3  Dmitrenko 
et al.  2001 ). In solution, this is the preferred conformer, and 
it cannot be converted directly to vitamin D. In membranes, 
both natural and artifi cial liposome membranes (Tian and 
Holick  1999 ), the previtamin is held in the active, vitamin-
producing conformer (cf. Saltiel et al.  2003 ). The same effect 
can be achieved by complexing the previtamin with 
β-cyclodextrin (Tian and Holick  1995 ). 

 Provitamins, previtamins, and vitamin D occur not only in 
free form but as glycosides in plants and in mammal skin 
also as fatty acid esters (Takada  1983 ). In rat skin, at least 
80 % of the provitamin D 3  is esterifi ed, and upon exposure of 
the skin to UV radiation, the provitamin D 3  ester is converted 
to vitamin D 3  ester. 

 The action spectrum for conversion of provitamin D 3  to 
previtamin D 3  in human skin has been determined by 
MacLaughlin et al. ( 1982 ). It has a single peak at about 
297 nm that roughly corresponds to the long-wavelength 
absorption band of provitamin D 3  dissolved in  n -hexane 
(Fig.  23.4 ). A digitised version with a long-wavelength 
extrapolation to 329.5 nm, having a maximum value at 
297.5 nm (Bouillon et al.  2006 ), has been adopted by CIE 
(Comité International de l’Éclairage) as an offi cial reference 
spectrum. This spectrum should be regarded as tentative, and 
there is reason to use it with caution (Norval et al.  2010 ). The 
absorption spectrum for provitamin D 3  is three-peaked, but 
the two short-wave absorption bands are lacking in the action 
spectrum. Two circumstances could contribute to this lack: 
(1) the stratum corneum of the skin could fi lter the shorter 
wavelength components, and (2) since at the shorter wave-
lengths both provitamin and previtamin absorb but at the lon-
ger wavelengths (around 295 nm) only provitamin and 

Provitamin D

Previtamin D

Vitamin D

0.26

0.10

0.480.42
0.015

0.03

Previtamin D
conformer

TachysterolLumisterol

Thermal

  Fig. 23.3    The reversible conversions of previtamin D with quantum 
yields of the photochemical reactions. Previtamin D can also be photo-
chemically converted to various compounds termed toxisterols (not 
shown) (From Havinga ( 1973 ), modifi ed)       
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tachysterol, the conversion of provitamin to previtamin is 
favoured at long wavelengths, while at shorter wavelengths 
the back and side reactions of previtamin are important com-
petitors. Probably, under the conditions in which the action 
spectrum was determined, the fi rst reason is more 
important.

   Lehmann et al. ( 2001 ) measured the action spectra for for-
mation of vitamin D 3  as well as 1,25(OH) 2 D 3  (1α,25- 
dihydroxyvitamin D 3 ) from provitamin D 3  in “artifi cial skin” 
containing cultured human keratinocytes. Remarkably, this 
action spectrum is displaced about 5 nm towards longer wave-
length (peaking at about 302 nm) compared to the spectrum 
determined by MacLaughlin et al. ( 1982 ). Although no wave-
length below 285 nm was tested, the spectrum indicates a rise 
from 293 nm towards shorter wavelengths. The minimum at 
approximately 293 nm is deeper than would be expected from 
the provitamin D 3  absorption spectrum. Takada et al. ( 1979 ) 
investigated the spectral dependence of vitamin D 3  formation 
in shaved cat skin. They found a maximum at 303 nm, similar 
to Lehmann et al. ( 2001 ). Their long-wavelength tail extends 
all the way to 340 nm. However, their spectrum must be 
regarded as very approximate, since it is plotted as effect at 
constant fl uence, and the spectral bandwidth of the radiation is 
not stated. As the spectra of MacLaughlin et al. ( 1982 ) and 
Lehmann et al. ( 2001 ), it is plotted on an energy rather than 
photon basis and, therefore, not expected to match an absorp-
tion spectrum exactly. Knudson and Benford ( 1938 ) compared 
the effectiveness of different UV wavebands in preventing 
rickets in shaved rats. They found a peak at approximately the 
same wavelength as MacLaughlin et al. ( 1982 ) but also a 
(higher) peak at about 280 nm.  

23.3     Production of the Active Form 
of Vitamin D in Humans 

 Exposure to the UV-B component in sunlight induces the 
production of previtamin D 3  from 7-dehydrocholesterol in 
the membranes of keratinocytes in the epidermis (Fig.  23.5 ). 
Vitamin D 3  (cholecalciferol) is then formed by a thermo-
chemical reaction. Vitamin D 3  attaches to the vitamin 
D-binding protein (Gc-globulin) and enters the blood stream. 
In the liver it undergoes hydroxylation by the 25- hydroxylase 
enzyme, CYP27A1, to produce 25-hydroxyvitamin D 3  
[25(OH)D 3 ] (calcidiol). A second hydroxylation step takes 
place in the kidney by the enzyme 1α-hydroxylase enzyme, 
CYP27B1, to form 1,25(OH) 2 D 3  (calcitriol) which is the 
active form of vitamin D. 1,25(OH) 2 D 3  can interact with the 
nuclear vitamin D receptor (VDR) present in many cell types 
in the body, thus affecting the transcription of more than 
2,000 genes. 1,25(OH) 2 D 3  also induces rapid response sig-
nalling through a specifi c membrane receptor, recently iden-
tifi ed as a protein disulfi de isomerase, Pdia3 (Doroudi et al. 
 2014 ). The amount of circulating 1,25(OH) 2 D 3  is tightly 
regulated by negative feedback control through induction by 
the hormone of 24-hydroxylase which catabolises both 
25(OH)D 3  and 1,25(OH) 2 D 3  into various calcitonic acid 
products. There is limited evidence that 1,25(OH) 2 D 3  can be 
formed entirely in the epidermis following exposure to UV-B 
radiation.

   The quantity of solar UV-B radiation reaching the Earth’s 
surface varies hugely depending on many factors including 
the solar zenith angle. This is highest in the summer months 
and decreases to 5 % of this value at mid-latitudes in the 
winter and is zero at higher latitudes. One recent study 
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  Fig. 23.5    Metabolic pathway leading to the synthesis of the active 
form of vitamin D 3 , 1,25-dihydroxyvitamin D 3 , following solar UV-B 
irradiation of the skin       
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 illustrates clearly how the solar UV-B irradiation affects the 
vitamin D status of a population. In the USA, the peak in 
vitamin D levels was found in August and the trough in 
February, a lag of 8 weeks after the peak and trough respec-
tively in ambient UV-B (Kasahara et al.  2013 ). The solar 
zenith angle also explains why at least 50 % of the daily UV 
radiation is found in the 4 h period around local noon. Other 
environmental variables are ozone, cloud cover, air pollu-
tion, altitude, and surface refl ection, such as from snow or 
choppy water. There are also large differences between indi-
viduals in their ability to produce active vitamin D follow-
ing a given dose of solar UV-B. These include skin type, 
age, amount of clothing worn and head cover, use of sun-
screen, body mass index, serum cholesterol level, polymor-
phisms in VDR and enzymes of the vitamin D pathway, and 
baseline 25(OH)D. For example, to synthesise the same 
amount of previtamin D 3 , about a sixfold higher dose of 
UV-B is required for black skin compared with fair skin 
(due to absorption by melanin) (Clemens et al.  1982 ), and a 
twofold higher dose is required for an 80-year-old compared 
with a 20-year-old (due to the reduction in 7-dehydrocholes-
terol in older skin) (MacLaughlin and Holick  1985 ).  

23.4     Vitamin D Status and Optimal Levels 
for Suffi ciency 

 The assessment of vitamin D status is routinely carried out by 
measurement of the concentration of 25(OH)D in serum or 
plasma. The methods include chemiluminescence and radio-
immunoassay, but these are recognised to lack accuracy, 
reproducibility, and sensitivity (Lai et al.  2012 ). Liquid chro-
matograph-tandem mass spectroscopy (LC-MS/MS) can dis-
tinguish between 25(OH)D 2  (produced after consuming plants 
and vitamin D 2  supplements) and 25(OH)D 3  and is rapidly 
becoming the method of choice. A vitamin D standardisation 
programme is underway using LC-MS/MS to ensure consis-
tency in the measurements of 25(OH)D globally. 

 There is no consensus at present on the reference values 
that defi ne a “satisfactory” vitamin D status, and indeed, the 
optimal range may differ between the skeletal and nonskel-
etal functions of vitamin D and between one individual and 
another. In the 1990s, the threshold for defi ciency was fre-
quently defi ned as <25 nmol/L 25(OH)D. In 2010, the US 
Institute of Medicine defi ned suffi ciency as a serum concen-
tration of 50 nmol/L or above for both adults and children 
(Institute of Medicine  2011 ). Others working in the area 
recommend much higher levels. For example, the Vitamin D 
Council advocates at least 125 nmol/L 25(OH)D (  www.
vitamindcouncil.org/about-vitamin-d/vitamin-d-defi-
ciency/    ). Concentrations higher than 250 nmol/L may be 
harmful. 

 Some surveys suggest that there has been a decline in 
vitamin D status in populations in recent years. Thus there 
was a reduction from 75 nmol/L in 1988–1994 to 60 nmol/L 
in 2001–2004 in the large National Health and Nutritional 
Examination Survey in the USA (Ginde et al.  2009a ). 
Epidemiological studies in several parts of the world indicate 
that an insuffi cient vitamin D status may be widespread, 
even in sunny countries. For example, 31 % of a large repre-
sentative adult population in Australia, 21.4 % of women of 
child-bearing age in Oman, and 57 % of women and 49 % of 
men, aged 65 and above, in England all had 25(OH)D levels 
<50 nmol/L. Efforts have been made to construct models 
using the action spectrum from the conversion of 
7- dehydrocholesterol to previtamin D 3  in the human skin to 
predict how much sun exposure an individual requires under 
different climate conditions to ensure a satisfactory vitamin 
D status (   McKenzie et al.  2009 ,  2011 ; Diffey  2010 ). This 
approach has been supplemented by actual measurement of 
25(OH)D levels in volunteers with different skin types, 
exposed to the simulated sunlight present at particular lati-
tudes at different times of the year (Rhodes et al.  2010 ).  

23.5    Vitamin D and Bone Health 

 Vitamin D defi ciency has been known for many years to lead 
to abnormal skeletal development in utero and in children 
and to poor bone health in adults. The disease that results 
from the defi ciency in children is called rickets in which 
bone deformities are found due to chondrocyte disaggrega-
tion and skeletal mineralisation defects. It is estimated that 
25(OH)D levels lower than about 20 nmol/L can lead to rick-
ets. Supplementation with vitamin D is recommended for 
infants aged 0–12 months. In adults, osteomalacia can result 
from vitamin D defi ciency, with defective mineralisation of 
the collagen matrix and hence reduced structural support and 
increased risk of fracture. Osteoporosis can also occur in the 
elderly with an increased risk of fracture. Osteoblast activity 
is reduced and bone mineralisation is defective. Although 
various studies have not produced consistent results, they 
suggest that 25(OH)D levels above 75 nmol/L are required 
for protection against osteomalacia and osteoporosis 
(reviewed in Wacker and Holick  2013 ). 

 Vitamin D has a critical role in calcium and phosphorus 
metabolism, ensuring adequate levels of both for various 
metabolic functions and bone mineralisation. 1,25(OH) 2 D 
signifi cantly increases the absorption of both calcium and 
phosphorus from the intestine, the former by increasing the 
expression of an epithelial calcium channel and a calcium- 
binding protein. Vitamin D also acts indirectly on calcium 
and phosphorus levels via the regulation of parathyroid hor-
mone (PTH). Low levels of 25(OH)D are associated with 
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low levels of serum-ionised calcium, a situation which leads 
to increased PTH levels. Higher 25(OH)D levels with associ-
ated higher calcium levels have the reverse effects on 
PTH. Both PTH and 1,25(OH) 2 D stimulate osteoblasts to 
mobilise calcium stores. Further details can be found in Lips 
and van Schoor ( 2011 ) and Sai et al. ( 2011 ).  

23.6     Nonskeletal Effects of Vitamin D 
and Potential Protection Against 
a Variety of Human Diseases 

23.6.1       Immunomodulation Induced by 
Vitamin D 

 Increasing evidence has been obtained in recent years that 
vitamin D has multiple effects on the immune system, some 
stimulatory and some inhibitory. These could have relevance 
for the control of several human diseases and have been the 
subject of intense investigations in recent years. 

 Innate immunity involves a range of mechanisms that are 
often of most benefi t at the initiation of a disease. Several 
innate immune responses are stimulated by 1,25(OH) 2 D. One 
important effect is to promote the expression of the cathelici-
din gene in macrophages which leads to the production of 
cathelicidin (Liu et al.  2007 ). This peptide has antimicrobial 
activity against intracellular bacteria. 1,25(OH) 2 D induces 
autophagy in monocytes and macrophages via the induction 
of cathelicidin which then activates transcription of the 
autophagy-related genes (Yuk et al.  2009 ). Autophagy is the 
process whereby a cell self-digests through the action of 
enzymes within the same cell, thus preventing the survival of 
intracellular bacteria and viruses. Low levels of vitamin D 
result in impaired development of invariant natural killer T 
cells, a consequence that is particularly apparent if the defi -
ciency occurs in utero (Cantorna et al.  2012 ). The invariant 
natural killer T cells are involved in many immunological 
processes; they recognise lipids and glycolipids rather than 
the peptide-MHC complexes recognised by other T cell sub-
sets, and, on activation, produce a range of immunostimula-
tory mediators including interferon (IFN)-γ, interleukin 
(IL)-2, and tumour necrosis factor (TNF)-α. 

 In contrast to the mainly positive effects of vitamin D on 
innate immune responses, the majority of adaptive immune 
responses are downregulated by 1,25(OH) 2 D. It inhibits the 
number and function of T regulatory cells, promotes the pro-
duction of immunosuppressive cytokines such as IL-4 and 
IL-10 while having the reverse effect on the immunostimula-
tory cytokines such as IL-2, suppresses the differentiation 
and maturation of dendritic cells and their ability to present 
antigens, and inhibits the differentiation and maturation of B 
cells and their production of immunoglobulins (reviewed in 
Van Etten and Mattieu  2005 ). 

 Due to these varying responses, elucidating the role of 
vitamin D in the immune control of various diseases in 
humans is not an easy task, particularly when further com-
plexities are considered, such as various VDR polymor-
phisms which might confer additional susceptibility and the 
independent immune function of the vitamin D-binding pro-
tein. Several disease categories in which vitamin D may play 
an important role by modulating the immune response have 
been described. These cover a wide range of common condi-
tions. The evidence frequently relies on the group of patients 
with the disease having a lower 25(OH)D level than the 
group of controls. However, few of these studies are prospec-
tive and therefore cannot distinguish whether the low status 
is a consequence of the disease or is a signifi cant risk factor. 
Clinical trials using vitamin D supplements to prevent the 
disease or, more commonly, as a treatment have yielded 
inconsistent results thus far. In addition, it is diffi cult and 
frequently impossible to separate the effects of solar UV 
radiation from the effects of vitamin D in human subjects 
(Hart and Gorman  2013 ). Therefore this area is one of uncer-
tainty at present in which there is vigorous research interest 
and activity. 

 Diseases where vitamin D may be protective include 
 various microbial infections, autoimmune diseases, internal 
cancers, mental disorders, cardiovascular diseases, all-cause 
mortality, and asthma. As examples, information relating to 
the role of vitamin D in infectious and autoimmune diseases 
is outlined in Sects.  23.6.2  and  23.6.3 , respectively.  

23.6.2      Vitamin D and Risk of Infectious 
Diseases 

 Many infectious diseases, especially those caused by viruses 
infecting the respiratory tract (e.g. respiratory syncytial 
virus, rhinovirus, coronavirus, infl uenza, and parainfl uenza), 
have a seasonal incidence with a peak in the winter months. 
Although there could be several explanations for this, includ-
ing increased survival and transmission of viruses at low 
temperature and humidity, one suggestion, fi rst made more 
than 30 years ago (Hope-Simpson  1981 ), attributed the pat-
tern to the lower level of vitamin D in the winter months as 
the solar UV-B radiation declines. As outlined in Sect.  23.6.1 , 
many aspects of innate immunity which are important in pro-
tection against viral infection of the respiratory tract are 
diminished by insuffi cient vitamin D. In particular, the 
reduced production of antimicrobial peptides by neutrophils, 
macrophages, and natural killer cells of the respiratory tract 
and by epithelial cells may be important as well as the lack 
of autophagy in macrophages. In addition, the action of vita-
min D in suppressing the cytokine “storm” that is a feature of 
many respiratory infections may be vital (de Jong et al. 
 2006 ). 
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 Observational evidence has been obtained from a variety 
of settings and countries in which 25(OH)D levels have been 
correlated with the occurrence of respiratory viral infections. 
In most cases, the lower the concentration of 25(OH)D, the 
higher the risk of respiratory infection (Ginde et al.  2009b ; 
Sabetta et al.  2010 ; Berry et al.  2011 ). However, it should be 
noted that in almost all of these studies, the population 
already had symptoms of the infection at the time of the 
25(OH)D assessment. Thus whether a low vitamin D status 
contributes to the risk of a symptomatic infection or is a con-
sequence of the infection cannot be distinguished. About 
eight prospective randomised double-blind trials have taken 
place which examined whether vitamin D 3  supplements can 
prevent respiratory infections. No consistent difference in 
the risk of respiratory infection between those taking the 
supplement and those given a placebo was found (reviewed 
in Bergman et al.  2013 ). However, one study reported that a 
benefi t was apparent if the starting level of 25(OH)D was 
defi cient (Camargo et al.  2012 ). Further trials are underway 
currently. 

 In tuberculosis, the causative bacterium,  Mycobacterium 
tuberculosis , persists in macrophages, and therefore, the pro-
motion of antimicrobial peptides and autophagy by 
1,25(OH) 2 D may represent important factors in protection 
against persistence of the organism or its activation. In the 
nineteenth century, cod liver oil, which contains the highest 
level of vitamin D 3  of any food, was used in Europe to pre-
vent childhood diseases such as tuberculosis. It was super-
seded by heliotherapy (sun exposure) and phototherapy 
(exposure to artifi cial light sources) before the development 
of antibiotics in the second half of the twentieth century. 
Thus a possible link between vitamin D defi ciency and sus-
ceptibility to tuberculosis or disease progression has a long 
history. More recent studies consistently report that subjects 
with tuberculosis have insuffi cient 25(OH)D levels or lower 
levels than control subjects (reviewed in Ralph et al.  2013 ). 
It is clearly diffi cult to investigate whether vitamin D status 
infl uences susceptibility to infection with  M. tuberculosis  
and development of active disease from latency or response 
to treatment. In particular, whether a low 25(OH)D level is a 
consequence of the disease or a risk factor for, it needs to be 
distinguished. This can only be examined in prospective 
studies. Clinical trials using vitamin D supplements to pre-
vent progression from latent to active tuberculosis have not 
been undertaken as yet, but other trials in which the supple-
ments were administered to treat active disease have yielded 
predominantly negative results. The reasons    that these trials 
do not support the observational fi ndings include the possi-
bilities that suboptimal doses of the supplement were used or 
that they did not lead to a suffi cient increase in 1,25(OH) 2 D 
or that host determinants were not taken into account such as 
expression of the hydroxylases and the vitamin D-binding 
protein and polymorphisms in the VDR (Ralph et al.  2013 ).  

23.6.3      Vitamin D and Risk of Autoimmune 
Diseases 

 It has been recognised for many years that the frequency of 
several autoimmune diseases is associated with latitude so 
that the further from the Equator, the higher the prevalence. 
Such a gradient has been shown most convincingly for mul-
tiple sclerosis (MS) but is also found to a lesser degree for 
type 1 diabetes mellitus, rheumatoid arthritis, and Crohn’s 
disease. Although the aetiology of these diseases is multifac-
torial with a clear genetic susceptibility, there is evidence 
that one environmental risk factor might be low exposure to 
solar UV radiation leading to insuffi cient vitamin D. As out-
lined in Sect.  23.6.1  above, 1,25(OH) 2 D has effects on the 
immune system that could help to prevent autoimmunity. In 
brief, it can counteract autoimmune infl ammation, induce 
the differentiation of T regulatory cells that promote self- 
tolerance, inhibit the differentiation of dendritic cells and 
their ability to present antigen, and increase the production 
of immunosuppressive cytokines. 

 Of the autoimmune diseases and their possible link with 
vitamin D, most information has been published for MS. In 
MS, there is immune-mediated destruction of myelin- 
producing cells and axonal loss in the central nervous sys-
tem, and it is the most frequent disabling neurological 
disorder of young adults. The latitudinal gradient for MS was 
fi rst noted more than 50 years ago (Acheson and Bachrach 
 1960 ) and has been validated in more recent reports, includ-
ing a comprehensive meta-analysis of global data in 2011 
(Simpson et al.  2011 ). A similar latitudinal variation in the 
incidence of the common precursor of MS, called fi rst cen-
tral nervous system demyelinating events, has also been 
found (Taylor et al.  2010 ). Low ambient UV radiation or low 
sun exposure in childhood may be particularly signifi cant in 
increasing the risk of MS in later life. Also, the month of 
birth has an important effect on the risk of MS development 
in the offspring; an increased risk for those born in the spring 
when maternal 25(OH)D levels are likely to be low and a 
decreased risk for those born in the late autumn/early winter 
when maternal 25(OH)D levels are likely to be higher 
(Dobson et al.  2013 ). In two large cohort studies in the USA, 
a higher vitamin D intake in the form of supplements and 
higher serum 25(OH)D levels were both linked to a decreased 
risk of MS (Munger et al.  2004 ; Munger et al.  2006 ). There 
was a particularly strong inverse relationship if the higher 
25(OH)D level occurred before the age of 20 years. 
Furthermore the relapse rates for MS correlate inversely with 
serum 25(OH)D levels. 

 With regard to treatment of MS, several clinical trials 
have assessed vitamin D 3  as a supplement, sometimes in 
association with IFN-β. The results thus far have been incon-
sistent (Soilu-Hanninen et al.  2012 ; Kampman et al.  2012 ; 
James et al.  2013 ), but none have shown more than a very 
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modest benefi t. Such studies are diffi cult and costly to under-
take due to the low incidence of MS, the length of follow-up 
that is required, the need for a placebo group and for moni-
toring radiological, clinical, and immunological parameters, 
and uncertainties regarding the optimal dose of the supple-
ment and how frequently it should be taken. However, there 
remains the intriguing possibility of using vitamin D supple-
ments as an inexpensive, safe, and easy to administer treat-
ment to improve current therapies in MS.   

23.7    Evolutionary Aspects 

 Why has nature chosen, for the hormonal regulation of cal-
cium metabolism and other bodily functions, a substance 
requiring the uncertain exposure to UV radiation for its syn-
thesis? The answer to this question is not obvious and 
requires probing into several evolutionary aspects. 

 One explanation, proposed by Chevalier et al. ( 1997 ), is 
that the formation of 1,25(OH) 2 D from 7-dehydrocholes-
terol was originally a catabolic pathway, which then 
became regulatory. Arguments for this are, fi rst, that vita-
min D and related substances are rather toxic, and, sec-
ondly, that P450-type enzymes are involved both in 
hydroxylations that lead to detoxifi cation and solubilisa-
tion of known toxins and in several hydroxylation steps of 
vitamin D and its analogues (see reviews of the vitamin 
D-related hydroxylations by Jones ( 1999 ) and Okuda and 
Ohyama ( 1999 )). 

 One way of probing into the past is to compare amino 
acid sequences in proteins of living organisms. It is believed 
that the VDR belongs to a class of nuclear receptors of very 
ancient origin. The nuclear receptor class can be divided into 
several subclasses, and the divergence into these subclasses 
occurred at least 600 Ma ago (Bertrand et al.  2004 ). The 
closest known relative to the VDR is the ecdysone receptor 
in insects. One way of tracing the origin of the vitamin D 
regulation system would be to track the evolution of the 
VDR more in detail, but such a study has not been under-
taken thus far. 

 In terrestrial vertebrates, i.e. birds, reptiles, and amphibi-
ans, the role of vitamin D is similar to that in mammals, 
although birds are not able to use vitamin D 2  effi ciently and 
other provitamins and vitamin D than D 2  and D 3  may exist in 
lizards and frogs (Holick  1989 ) (see Sect.  23.10  below for 
the relative effi ciency of vitamin D 3  and vitamin D 2  in 
humans). Further back in evolutionary history, the evidence 
starts to become more “fi shy”. 

 Several investigations show that various saltwater fi sh can 
thrive without vitamin D, and this is true also for at least one 
freshwater fi sh species (Ashok et al.  1998 ,  1999 ). There are, 
however, an even larger number of studies that indicate a 
function for vitamin D in other fi sh species (Barnett et al. 
 1979 ; Brown and Robinson  1992 ; Larsson  1999  and sources 
cited therein). It is also not clear why regulation would be 

unnecessary as a mechanism to avoid too high a calcium 
concentration in the cytosol is required. 

 The fi rst vertebrates were the jawless Heterostraci and 
Osteostrachi, whose bodies were covered by bony plates. 
They were followed in evolution by the fi rst true fi shes, the 
shark-like Placodermi. These, belonging to the 
Elasmobranchiomorphi (cartilaginous fi shes), had no bones 
inside their bodies, but they were also covered with a bony 
armour. Is it possible that the deposition of calcium phos-
phate and calcium carbonate early in evolution served as a 
protection against UV radiation, and that its deposition was 
regulated by radiation? This suggestion could be tested by 
fi nding out if the thickness of the armour varied with latitude 
(and thus with UV-B exposure) while taking continental drift 
and polar migration into account. 

 Even the earliest vertebrates mentioned lived less than 
550 million years ago, at a time when the protecting ozone 
shield is thought to have afforded almost the same protection 
as today (see Chap.   16    ). The nuclear VDR has been found in 
a jawless fi sh (Whitfi eld et al.  2003 ), but could the regulation 
of calcium metabolism by vitamin D be of even more ancient 
origin than the vertebrates? Several investigations point in 
this direction. 

 In one type of coral (incidentally a relative of the red coral 
used for gems), UV radiation favours the development of 
normal spicules, structures containing collagen and calcium 
carbonate. The animal also produces 1,25(OH) 2 D in a 
UV-dependent manner (Kingsley et al.  2001 ). 

 The most compelling evidence, however, for the ancient 
origin of vitamin D as a calcium regulator comes from exper-
iments with snails. In these animals, certain vitamin D-like 
compounds elevate intracellular exchangeable calcium and 
suppress alkaline phosphatase activity, leading to the conclu-
sion that snails adapt to light conditions via the vitamin D 
endocrine system (Kriajev and Edelstein  1994 ,  1995 ; Kriajev 
et al.  1994 ). The evolutionary lines leading to molluscs and 
to vertebrates are estimated, with some uncertainty, to have 
diverged about 720 million years ago. If further evidence of 
vitamin D regulation in copepods, corals, and coccolitho-
phorids is found, a much older age for the regulation system 
would have credence. If it is assumed that the vitamin effects 
in plants (see Sect.  23.11 .) have an evolutionary origin in 
common with the regulation of calcium metabolism in ani-
mals, then this origin lies more than a one and a half billion 
years ago (Nei et al.  2001 ). 

 There remains the unlikely possibility of convergent evo-
lution that distantly related organisms have independently 
selected vitamin D as their calcium regulator. If this is the 
case, why is vitamin D the best choice? 

 Calcium carbonate itself is a poor absorber of UV radia-
tion, and therefore, it is not effi cient as a radiation shield. 
Even a cm-thick layer absorbs only half of the incident radia-
tion at the DNA absorption maximum (260 nm), as calcu-
lated from data for clear calcite crystals (Washburn et al. 
 1929 ). However, the scattering effect of calcium carbonate 
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needs to be added and, most importantly, the absorption by 
proteins and other substances always associated with cal-
cium carbonate shells and other calcifi ed structures. 

 If the reason for the choice of the UV-sensitive vitamin D 
system is not regulation of UV shielding, what could it be? 
The human immune system is altered by UV radiation (see 
Chap.   24    ), but the evolutionary pressure that has selected for 
this modulation is obscure. It is likely to be relevant, since it 
occurs through different mechanisms, among others UV 
absorption in urocanic acid and absorption in DNA. Could it 
be that the original function of the vitamin D system was to 
modulate the immune defence, a function that to some extent 
seems still to exist?  

23.8     Vitamin D 2  Compared with Vitamin D 3  

 The form of vitamin D used in major preparations of pre-
scriptions in North America was for a long time vitamin D 2  
(Houghton and Vieth  2006 ), probably because it can be pro-
duced at a lower cost, and the process was patented early. 
This is now changing. Recently, there has been much interest 
in comparing the effects of vitamin D 2  and vitamin D 3  in 
human nutrition (Horst et al.  2000 ). When administered  over 
a prolonged time , both are equally well taken up and con-
verted to 25(OH)D circulating in the blood stream and also 
hydroxylated a second time to 1,25(OH) 2 D. Tsugawa et al. 
( 1999 ) found that the D 2  form of 1,25(OH) 2 D binds equally 
well as the D 3  form to the VDR. However, this experiment 
used calf VDR, and the results may not apply to the poly-
morphic forms of the human receptor. The D 2  forms are not 
converted to the corresponding D 3  forms (Holick et al.  2008 ; 
Biancuzzo et al.  2013 ). Some of the vitamin D, D 2,  as well as 
D 3  is also converted to 1,24,25-hydroxylated forms. While 
1,24,25(OH) 3 D 3  can bind to the VDR and exert biological 
activity, 1,24,25(OH) 3 D 2  is inactive (see Houghton and Vieth 
 2006  for this and related topics), and this results in vitamin 
D 2  having less overall activity than vitamin D 3 . It should be 
noted that differences in effects between D 2  and D 3  forms are 
not as large in humans as in rats and birds. 

 When vitamin D is given as a  single large dose , the 
increase in circulating 25(OH)D 2  initially rises in the same 
way as does the D 3  form, but after 3 weeks, the level starts to 
fall in the case of hydroxyvitamin D 2  but continues to rise 
and only falls after 15 weeks in the case of hydroxyvitamin 
D 3  (Armas et al.  2004 ).  

23.9      Distribution of Provitamin 
and Vitamin D in the Plant Kingdom 

 Among microalgae, several (but not all) species of the green 
algae  Chlorella  (Patterson  1971 ) and  Chlamydomonas rein-
hardtii  (Patterson  1974 ) contain ergosterol. This provitamin 
has also been found in the diatom  Skeletonema menzelii , the 

coccolithophorid  Emaliana huxleyi  (Holick  1989 ), and the 
chrysophycean  Ochromonas danica  (Gershengorn et al. 
 1968 ). In addition, there have been numerous investigations 
on phytoplankton of mixed composition. In one instance, a 
correlation with the probable UV exposure was established, 
using season as a proxy for irradiation (Takeuchi et al.  1991 ; 
see also Tables 1a and 1b in Björn and Wang  2001 ). Among 
macroalgae, not only ergosterol but also provitamin D 2  and 
vitamins D 2  and D 3  have been found in the brown alga  Fucus 
vesiculosus  grown under natural conditions with a higher 
content of the vitamins at a lower (southern Sweden) than at 
a higher (northern Norway) latitude. Provitamin D 3  is  present 
in the gametophyte of the red alga  Chondrus crispus , while 
the sporophyte of the same species contains the isomer 
22-dehydrocholesterol. 

 Higher plants generally contain provitamins and vita-
mins D 2  and D 3  in their leaves (Napoli et al.  1977 ; Rambeck 
et al.  1981 ; Horst et al.  1984 ; Prema and Raghuramulu 
 1996 ; Boland et al.  2003 ). In general, vitamins are present 
only after exposure to UV radiation (Hess and Weinstock 
 1924 ; Skliar et al.  2000 ; Björn and Wang  2001  and refer-
ences cited therein) although there are exceptions (see 
Sect.   23.13    ). Some plants even form the hydroxylated 
forms of vitamin D (Napoli et al.  1977 ; Skliar et al.  2000 ; 
Gil et al.  2007 ).  

23.10     Physiological Effects of Provitamin 
and Vitamin D in Plants and Algae 

 Fries ( 1984 ) showed that growth of the green macroalga 
 Enteromorpha compressa , the red alga  Nemalion helmin-
thoides , and the brown alga  Fucus spiralis  is stimulated 
by vitamins and provitamin D. Vitamin D 3  applied to her-
baceous and woody plants stimulates initiation of adventi-
tious roots (Buchala and Schmid  1979 ; Jarvis and Booth 
 1981 ; Moncousin and Gaspar  1983 ). Vitamin D at a nano-
molar concentration inhibits root elongation in  Phaseolus 
vulgaris  and promotes germination of light-sensitive let-
tuce seed in darkness (Buchala and Pythoud  1988 ). 
Vitamin D 3  induces the synthesis of the calcium-binding 
signalling protein calmodulin in bean roots (Vega and 
Boland  1986 ).  

23.11     Roles of Provitamin and Vitamin D 
in Plants 

  Solanum glaucophyllum , the waxy leaf nightshade, endemic 
in several South American countries, forms such large 
amounts of the active vertebrate hormone form, 1,25(OH) 2 D 3 , 
that grazing animals develop calcinosis and can die (see 
Curino et al.  1998 ; Boland et al.  2003  for literature). In this 
case, a protective function of vitamin D for the plant is 
assumed. 
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 There are some indications that vitamin D and its hydrox-
ylated forms are involved in calcium metabolism in plants. 
Thus Aburjai et al. ( 1997 ) found that calcium deprivation 
increased the concentrations of vitamin D and 25(OH)D in 
cell cultures of  Solanum malacoxylon , while results for 
1,25(OH) 2 D 3  were not clear due to analytical diffi culties. 
Burlini et al. ( 2002 ) showed that the concentration of 
1,25(OH) 2 D 3  increased when calcium ions were removed 
from the medium. Conversely, Habib and Donnelly ( 2005 ) 
claimed that the calcium content of potato plants ( Solanum 
tuberosum ) was increased by either exposure to UV radiation 
or administration of vitamin D. This fi nding needs confi rma-
tion by independent investigators. Vega and Boland ( 1988 , 
 1989 ) and Milanesi and Boland ( 2006 ) have pointed to the 
similarity between the vertebrate VDR and proteins present 
in  Phaseolus vulgaris  and  Solanum glaucophyllum .  

23.12    Biogeographical Aspects 

 Human complexion tends to be darker the higher the UV 
radiation in the environment. This is an inherited (“racial”) 
trait that has evolved independently in Europe and Asia 
(Norton et al.  2007 ), but many individuals can acclimatise 
phenotypically to some extent (i.e. the skin forms pigment 
in response to UV radiation; see Chap.   24     and Cui et al. 
 2007 ). UV radiation can cause skin cancer and other prob-
lems, and these effects are particularly frequent for people 
poorly adapted for the high environmental radiation they are 
exposed to, such as people of European origin living in 
South Africa and Australia. Thus, clearly, the pigment 
works as protection against high radiation. It has been pro-
posed (Branda and Eaton  1978 ; Jablonski and Chaplin 
 2000 ) that pigmentation is important for photoprotection of 
folic acid, but in vivo, this substance is photoprotected in 
another way (Vorobey et al.  2006 ). Although vitamin D is 
toxic at too high a concentration, it has been shown by 
Holick et al. ( 1981 ) that skin pigment is not necessary to 
prevent its overaccumulation; the photochemical system is 
self-regulating. The reason for this is the low rate of conver-
sion of previtamin to vitamin, in combination with the pho-
tochemical side and back reactions of previtamin D. Thus, 
toxicity can occur only following excessive intake (e.g. 
Koutkia et al.  2001 ). 

 There is, however, another connection between skin type 
and vitamin D. All humans are thought to originate from 
Africa and presumably are all descendants of black-skinned 
people, although at a prehuman furred stage, lighter skin is 
possible as found in chimpanzees (Jablonski and Chaplin 
 2000 ). But with migration to higher and higher latitudes, 
the skin colour became paler (Fig.  23.6 ). The selection 
pressure for this is clear: avoidance of vitamin D defi ciency 

(Clemens et al.  1982 ). African people who have emigrated 
north in historic time are known to suffer from just such a 
defi ciency (Shewakramani et al.  2001 ). Inuits may have 
more pigment than would be predicted from their northern 
habitat; their traditional food is from the sea and mostly 
rich in vitamin D (because the sea currents bring vitamin D 
from lower and more sunny latitudes), so they have not 
been exposed to the same selection pressure as people with 
more terrestrial habits.

   Jablonski and Chaplin ( 2000 ) found that in all human 
populations where data were available, the complexion of 
women is lighter than that of men. It may be diffi cult to sepa-
rate out the acclimation component due to different life-
styles, but the authors believe that it could be an adaptation 
to the greater need for calcium and vitamin D during preg-
nancy and lactation. 
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  Fig. 23.6    The relation between skin colour (refl ectance at 685 nm) and 
latitude for 85 samples of “indigenous populations” from different parts 
of the world. Darker skin colour is lower in the diagram, and on the 
abscissa, 0 stands for the equator. In the regression equation at the bot-
tom of the graph,  y  stands for refl ectance in percent and  x  for latitude in 
degrees. There is a clear trend of darker skin colour towards the equator. 
The great variation around the regression curve has several causes. 
Even “indigenous populations” have migrated and settled in their pres-
ent regions within a time span which is often too short to allow com-
plete adaptation to the environment. The way of life also modulates the 
need for sunlight. Thus, the square at the highest latitude (a little above 
60°) lies far below the regression curve. It represents Inuits in southern 
Greenland. It is thought that they, due to their vitamin D-rich food from 
the sea, have a lesser need for vitamin D from photochemical conver-
sion in the skin than most other populations (Data adapted from those 
compiled by Jablonski and Chaplin ( 2000 ))       
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 The question remains: How do non-human terrestrial ver-
tebrates manage at high latitudes? As they are often covered 
with hair or plumage or are “cold-blooded” (poikilothermic), 
they would have diffi culties in producing their own vitamin 
D by having either ineffi cient photochemical conversion of 
pro- to previtamin or ineffi cient thermochemical conversion 
of previtamin to vitamin. In fact, amphibians, and reptiles in 
particular, decline in frequency with increasing latitude. The 
arctic dinosaurs may, in fact, have been homeothermic 
(thermoregulating). 

 According to an old and abandoned theory, birds produce 
provitamin D in their uropygial gland and distribute it over 
their plumage when preening. This converts to vitamin D on 
exposure to sunlight and is ingested at the next preening. 
Later investigations with more modern methods of analysis 
have failed to establish with certainty that provitamin D is in 
the uropygial secretion. There is a single study, using the best 
analytical methods available at the time, which demonstrated 
the presence of provitamin D 3  in the uropygial gland of 
domestic fowl ( Gallus ) (Uva et al.  1978 ). Such an investiga-
tion needs to be repeated using high-performance liquid 
chromatography, nuclear magnetic resonance, and absorp-
tion spectroscopy, since the identifi cation of provitamin D 3  
among all the steroids present in uropygial secretion is not 
straightforward. If its presence can be established, the 
 analysis could be extended to other kinds of birds. It should 
also be mentioned that Holick ( 1989 ; referring to unpub-
lished observations by himself and M.A. St. Lezin) found no 
provitamin D 3  in chicken feathers. On the other hand, it is 
well established that fowl can use UV absorbed by the head 
and legs to improve their vitamin D and calcium status and 
egg production. It is assumed that birds like arctic owls and 
ptarmigans are totally dependent on vitamin D in the food 
for covering their requirements. Birds cannot effi ciently use 
vitamin D 2  only D 3 . 

 For arctic mammals, like reindeer, the situation is critical. 
Reindeer need large quantities of calcium, not only for the 
skeleton but also for the yearly production of antlers. They are 
covered with hair and do not have a uropygial gland, so they 
rely heavily on food for their vitamin D. The critical time is the 
dark winter, and the most important winter food is reindeer 
lichen. We (Wang et al.  2001 ) investigated one species of rein-
deer lichen from different latitudes (Fig.  23.7 ) and found that 
it contained both vitamins D 2  and D 3 , in a strongly latitude-
dependent manner, with the lowest values in northern 
Scandinavia even by the end of the summer. Still, 10 g of the 
lichen from northern Scandinavia would provide a human 
with the necessary daily amount, but would humans eat lichen? 
Wild reindeer survive, even on Spitsbergen island at 78°N, 
where the vitamin D content in their food must be lower than 
this. Could there be another source? It would perhaps be worth 
looking at what the rumen bacteria can produce.

23.13        Non-photochemical Production 
of Vitamin D 

 Vitamin D can be produced non-photochemically. Curino 
et al. ( 1998 ,  2001 ) have shown that cells of  Solanum glauco-
phyllum  grown in culture in darkness form 1,25(OH) 2 D 3 , 
albeit at lower concentrations than the plant under sun- exposed 
fi eld conditions. The mechanism is not known, but one has 
been proposed by Norman and Norman ( 1993 ) to explain how 
animals like subterranean mole rats, living in darkness, can 
obtain their requirement from underground plant parts. It is, 
however, (1) doubtful whether these animals need vitamin D 
(Pitcher and Buffenstein  1995  and literature cited there) and 
(2) unlikely that their diet is really completely vitamin D-free, 
as we have found small amounts of vitamins D 2  and D 3  in car-
rot roots not exposed to UV radiation (Wang and Björn, 
unpublished). The same holds for nocturnal animals 
(Opperman and Ross  1990 ; Kwiecinski et al.  2001 ). Larsson 
( 1999 ) has erroneously claimed that Opperman and Ross 
( 1990 ) found that the nocturnal fruit- eating bat  Rousettus 
aegyptiacus  can form 7- dehydrocholesterol from mevalonate.     
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24.1             Introduction 

 The skin is the largest organ of the body and the one which is 
most exposed to external insults, such as chemicals,  infecting 
microorganisms, and mechanical trauma. These insults 
include UV radiation from the sun. The structure of the skin 
is complex: it is composed of three basic layers—the epider-
mis, dermis, and subcutis—each comprising a variety of cell 
types. It has been recognized that the skin contains its own 
immune system, fi rst called skin-associated lymphoid tissues, 
which generally acts very effectively to deal with any local 
disturbances. It is now termed the skin immune system. 
However, UV radiation poses two unique and potentially dan-
gerous consequences for the skin. It induces genotoxic 
changes, mutations leading on some occasions to the devel-
opment of skin cancers, and it can also suppress cell- mediated 
immune responses to a variety of antigens. The reason for the 
latter change may be to prevent excessive infl ammation in 
sun-exposed skin, but if it occurs at the same time as, say, an 
infection or oncogenesis, then there may be disadvantages for 
the host. Solar UV radiation does not always cause harm 
in the skin, and one case where it is benefi cial is in promoting 
the synthesis of vitamin D, essential for calcium metabolism, 
a healthy skeleton, and multiple immunological effects. This 
aspect is covered in detail in Chap.   23    . 

 The following section outlines the structure of the skin 
and describes the skin immune system, with use of contact 
and delayed-type hypersensitivity as examples. Consideration 
is then given to UV radiation in the context of cutaneous 
pigmentation, sunburn, and photoageing. Sections on photo-
carcinogenesis and UV-induced immunomodulation follow, 
and the fi nal part of the chapter outlines some photosensitiv-
ity disorders that can occur in human subjects.  

24.2     The Structure of Skin and the Skin 
Immune System 

24.2.1     Skin Structure 

 The outermost layer of the skin is the epidermis, which is 
separated from the dermis by a basement membrane, and the 
layer underlying the dermis is the subcutis. UV-B rays (280–
315 nm) penetrate into the epidermis and UV-A rays (315–
400 nm) deeper into the dermis. These layers are transversed 
vertically by the skin appendages, such as the sweat glands, 
hair follicles, and sebaceous glands. The appendages are 
rarely affected by UV radiation and are not considered in this 
chapter. 

 The epidermis is composed mainly of keratinocytes that 
are formed in the basal layer and migrate upward to termi-
nally differentiate at the skin surface. It takes about 4 weeks 
to complete this process. The appearance of the keratino-
cytes at each stage divides the epidermis into four layers: 
(1) the basal layer where the cells divide intermittently, giv-
ing rise to one daughter cell remaining in the basal layer 
and one which begins to differentiate and move upwards; 
(2) the prickle cell layer, so-called as the keratinocytes have 
distinct interconnecting junctions; (3) the granular layer 
where the keratinocytes begin to fl atten and contain kerato-
hyalin granules and degenerating organelles; and (4) the 
stratum corneum where the keratinocytes die and are 
sloughed off. The thickness of each layer depends on the 
location in the body. Other important cell types contained 
within the epidermis are the melanocytes and the 
Langerhans cells. The former give the skin its colour and 
are found mainly at the dermato- epidermal junction. The 
latter are dendritic cells whose processes form a network 
throughout the epidermis. There are also scattered lympho-
cytes. Figure  24.1  illustrates the cellular structure of the 
epidermis.

   The dermis is very different from the epidermis,  consisting 
of collagen fi bres with fi broblasts and elastic tissue through-
out. There are blood vessels, nerve fi bres, and some smooth 
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muscle, together with small numbers of dendritic cells and 
tissue macrophages. Mast cells are also present which 
 contain histamine and other infl ammatory mediators.  

24.2.2      The Skin Immune System 

 The skin immune system consists of contributions from many 
skin types, some resident in the epidermis or dermis, and oth-
ers highly mobile, frequently connecting the cutaneous envi-
ronment with the blood or lymph (reviewed in Bos  2005 ). The 
major populations of resident cells are shown in Table  24.1 .

   The Langerhans cells were thought until recently to have 
the important function of initiating the pathways contained 
within the skin immune system, by acting as the major 
antigen- presenting cells of the skin. However, there is new 
evidence that their main role could be activation of regula-
tory cells in local lymph nodes (Romani et al.  2012 ). In 

 addition to the Langerhans cells, there are dendritic cells 
resident in the dermis and other dendritic cells recruited as 
monocytes from the blood. Both of these cell types can also 
act as antigen-presenting cells. On contact with an antigen, 
they internalize it, often by phagocytosis, and process it into 
smaller peptides for presentation on the cell surface. There 
are associated changes locally due to a variety of cytokines 
expressed by the local keratinocytes, including tumour 
necrosis factor (TNF)-α and interleukin (IL)-1β, and neuro-
mediators expressed by nerves. In response to these sub-
stances, the antigen-bearing dendritic cells migrate from the 
skin. They move down the afferent lymph and enter into the 
draining lymph node. This process takes around 18 h follow-
ing cutaneous application of a contact sensitizer. During the 
migration, the dendritic cells mature into effective antigen- 
presenting cells, as indicated by the changed expression of 
various adhesion and co-stimulatory molecules on their sur-
faces. In the paracortical area of the lymph node, they then 
present the processed antigenic peptides to antigen-specifi c 
T cells. These T cells are stimulated to proliferate and to 
express a particular cytokine profi le, some with immunos-
timulatory properties, such as interferon (IFN)-γ and some 
with immunosuppressive properties, such as IL-10. The 
cytokine profi le of the T cells that are activated largely deter-
mines the type of immune response generated and its effi -
ciency. In some instances, the activated T cells home 
preferentially to the skin as they express particular surface 
markers. They leave the lymph node in the efferent lymph, 
enter the bloodstream through the thoracic duct, and migrate 
via the blood to the site of antigen application. They extrava-
sate through the high endothelial venules and enter the der-
mis or epidermis to act as effector cells locally.  

24.2.3      Contact and Delayed-Type 
Hypersensitivity 

 Contact hypersensitivity (CHS) is frequently used to assess 
immune responses in the skin under experimental condi-
tions. In mice, a    range of sensitizing compounds is employed 
for such tests such as 2,4-dinitrochlorobenzene and oxazo-
lone, and in humans nickel is a frequent contact allergen. In 
brief, CHS is divided into two phases: the fi rst is induction/
sensitization (afferent), and the second is elicitation/chal-
lenge (efferent). They are followed by a regulation/resolu-
tion phase. During sensitization, small, structurally simple 
haptens are placed on the skin. Haptens on their own are 
incapable of generating immune responses, but they react 
with proteins locally in the skin to create immunologically 
relevant hapten-derivatized proteins. The fi rst response is 
release of  infl ammatory mediators by resident skin cells and 
of  neuromediators by sympathetic nerves. Recruitment of 
monocytes from the blood also occurs rapidly which differ-
entiate into dendritic cells locally. These events are followed 
by the activation and migration of the hapten-bearing 
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  Fig. 24.1    Diagram of the epidermis indicating the keratinocyte layers 
and a representative Langerhans cell (LC), melanocyte ( M ), and lym-
phocyte ( LY ). Part of the dermis is also shown illustrating collagen 
fi bres and small blood vessels       

   Table 24.1    Major resident cells of the skin immune system   

 Skin layer  Cell type  Function (s) 

 Epidermis  Keratinocytes  Production of cytokines and 
hormones 

 Langerhans cells  Processing and presentation of 
antigens and regulatory functions 

 Melanocytes  Production of α-melanocyte-
stimulating hormone 

 T cells  Effector and regulatory functions 
 Dermis  Mast cells  Production of infl ammatory 

mediators 
 Endothelial cells  Regulation of cell migration 
 Dendritic cells  Processing and presentation of 

antigens 
 Nerve cells  Production of neuroendocrine 

hormones and neuropeptides 
 T cells  Effector and regulatory functions 
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 epidermal Langerhans cells, dermal dendritic cells, and 
recruited dendritic cells to the draining lymph node via the 
afferent lymphatics. In the paracortical area of the draining 
lymph node, these dendritic cells are mature and activate 
hapten- specifi c CD8+ and CD4+ T cells: the proliferation of 
these T cells is controlled by hapten-specifi c CD4+ T regula-
tory cells. The stimulated T cell subsets then migrate to the 
blood and circulate throughout the body. In the elicitation 
phase, rechallenge by topical application of same contact 
sensitizer occurs but on a different body site from the fi rst 
occasion. Again, there is local infl ammation induced with 
activation of mast cells and release of mediators by resident 
skin cells. Hapten-specifi c T cells are recruited from the 
blood and CD8+ T cells are activated locally in the skin, with 
production of a range of infl ammatory mediators including 
interferon (IFN)-γ, TNF-α, and IL-17. These induce a mas-
sive infi ltration of neutrophils, natural killer cells, and T 
regulatory cells into the skin site. Such changes can be quan-
tifi ed at 24–72 h postchallenge either by a colour change in 
the skin, as is frequently used in human studies, or by swell-
ing, such as of an ear, in the case of mice. Regulation/resolu-
tion of the infl ammatory response is an active immune 
process mediated by specifi c T regulatory cells and possibly 
other cell types in addition. A summary of the sequence of 
events in CHS is shown in Table  24.2 , and the subject is 
reviewed in full in Vocanson et al. ( 2009 ).

   Delayed-type hypersensitivity (DTH) has the same 
 endpoints as CHS but, in contrast to CHS, the antigens are 
complex. In natural circumstances and in some animal 
models, these antigens are often derived from infectious 
microorganisms or developing tumours. Under experi-

mental conditions, they are frequently injected subcutane-
ously or intradermally. They are therefore taken up by 
dermal dendritic cells and are processed and presented 
differently from the simple haptens applied epicutane-
ously. One human example is the Mantoux test, used to 
assess tuberculosis immunity and exposure status, where 
protein-purifi ed derivative is injected intradermally and 
the extent of induration at the test site measured two to 
three days later.  

24.2.4     Effect of Solar UV Radiation 
on the Skin: Action Spectra 

 Exposure of skin to solar UV radiation results in a number of 
effects which are outlined in Sects.  24.3 – 24.7 . In some 
instances the wavelength of the radiation promoting an indi-
vidual effect with maximal effi ciency has been derived from 
the action spectrum; these results are shown in summary 
form in Table  24.3 , with more detail in the text.

   Table 24.2    Contact hypersensitivity: outline of sequence of events in 
induction/sensitization (afferent) and elicitation/challenge (efferent) 
phases   

 Induction/sensitization  Elicitation/challenge 

 First skin contact with 
hapten, formation of 
hapten-derivatized protein 

      

 Second skin contact with the 
same antigen 

 Local production of 
infl ammatory mediators and 
neuromediators 

 Recruitment of hapten-specifi c 
T cells from blood to skin and 
activation of hapten-specifi c T 
cells locally 

 Migration of hapten-bearing 
dendritic cells from the skin 
to the draining lymph node 

 Production of a range of 
immune mediators and mast 
cell degranulation 

 Arrival of mature hapten-
bearing dendritic cells in the 
draining lymph nodes 

 Infi ltration of neutrophils, 
natural killer cells, and T 
regulatory cells 

 Antigen presentation by 
these dendritic cells to 
antigen-specifi c T cell 
subsets 
 Proliferation of CD8+ T 
cells and CD4+ T regulatory 
cells in the lymph node 
 Circulation of these T cells 
in the blood 

   Table 24.3    Selected skin responses to UV radiation: the peak wave-
length is the wavelength of maximum responsiveness   

 Process  Peak, nm  Reference 

 Induction of squamous 
skin cancer (mouse) 

 293  de Gruijl et al. ( 1993 ) 

 Induction of squamous 
skin cancer [SKUP] 
(human) 

 293  de Gruijl ( 1995 ) 

 Local suppression of 
memory immune 
responses (human) 

 300 and 370  Damian et al. ( 2011 ) 

 Immediate pigment 
darkening (human) 

 350  Irwin et al. ( 1993 ) 

 Melanogenesis (human)  290  Parrish et al. ( 1982 ) 
 Erythema (human)  300  McKinley and Diffey 

( 1987 ) 
 Decrease in epidermal 
Langerhans cell 
numbers (mouse) 

 270–290  Noonan et al. ( 1984 ) 

 Systemic suppression of 
contact hypersensitivity 
(mouse) 

 260–280  De Fabo and Noonan 
( 1983 ) 

 Induction of 
cyclobutane pyrimidine 
dimers (mouse) 

 290  Cooke and Johnson 
( 1978 ) 

 Isomerization from trans 
to cis-urocanic acid 
(mouse) 

 300–315  Gibbs et al. ( 1993 ) 

 Isomerization from trans 
to cis-urocanic acid 
(human) 

 280–310  McLoone et al. ( 2005 ) 

 Formation of previtamin 
D3 from 
7-dehydrocholesterol 
(human) 

 295–300  MacLaughlin et al. 
( 1982 ) 

 T cell apoptosis  290  Novak et al. ( 2004 ) 
 Induction of TNF−α in 
epidermis (human) 

 300  Walker and Young 
( 2007 ) 
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24.3          Pigmentation and Sunburn 

24.3.1      Pigmentation and Phototypes 

 Skin colour is determined by cutaneous pigments,  particularly 
melanin; by blood circulating through the skin; and by the 
thickness of the stratum corneum. Melanin is synthesized by 
the melanocytes and is released by exocytosis as granules 
(melanosomes), which are then taken up by the adjacent kera-
tinocytes. Melanin is present in at least two forms: eumelanin, 
a brown polymer predominating in darkly pigmented skin, 
and pheomelanin, a reddish-yellow pigment found in lighter 
skin types. The production of melanin is infl uenced by genetic 
factors, hormones, and exposure to UV radiation. Racial vari-
ation in skin colour—black, brown, yellow, and white—is not 
determined by the absolute number of melanocytes but by 
their activity in producing melanosomes. As might be 
expected, the melanosomes are larger and more numerous in 
black-skinned people. On exposure of the skin to UV radia-
tion, the melanocytes are stimulated to produce melanin, 
which gives the skin its tan. Individuals vary enormously in 
this response. Those with fair nonpigmented skin, who can-
not or are hardly able to synthesize melanin in response to sun 
exposure, suffer more cutaneous damage than those who tan, 
mainly because more UV radiation reaches the dermis. 
Similarly, the ability to tan correlates with less risk of burning 
after solar UV. There are six phototypes, originally recog-
nized by Fitzpatrick ( 1988 ), as shown in Table  24.4 .

24.3.2        Sunburn and Minimal Erythema Dose 

 Sunburn is recognized by erythema and blistering and is 
caused most effectively by radiation of wavelengths around 

300 nm in the UV-B waveband. It is a delayed response, being 
maximal 8–24 h after exposure, and it gradually resolves with 
subsequent skin dryness and peeling. Solar lentigines or 
freckles can be formed after only one or two episodes of acute 
solar burning and are often seen on the shoulders, particularly 
of men. Factors involved in the vasodilatation which charac-
terizes sunburn include direct effects of UV on the vascular 
endothelium, especially endothelial cell enlargement; the loss 
of epidermal Langerhans cells; the release of epidermal 
infl ammatory mediators such as TNF-α; and the secretion of 
vasoactive substances from mast cells, for example, hista-
mine and prostaglandins (Gilchrest et al.  1981 ). 

 In sunburned skin, so-called sunburn cells are seen in the 
epidermis. They are thought to represent apoptotic keratino-
cytes and are characterized by a glassy eosinophilic cyto-
plasm and a pyknotic nucleus (Young  1986 ). They are 
induced in a UV-dose-dependent manner, most effi ciently by 
radiation towards the lower end of the UV-B waveband, and 
are found maximally at 24 h postirradiation. They are 
removed either by desquamation or by keratinocyte- mediated 
phagocytosis. 

 It is sometimes required to ascertain the minimal erythema 
dose (MED) of an individual for medical or experimental pur-
poses. The MED is defi ned as the smallest dose of radiation 
that results in just detectable reddening of the skin, usually 
assessed at 24 h after exposure. It is determined by irradiating 
the normal, untanned skin, often on the back or the inner 
upper arm, with a graded series of UV doses. The MED for 
skin type I is about 150–300 effective J/m 2 , while for skin 
type IV it is 450–600 J/m 2 , although there is considerable 
overlap between the phototypes (Harrison and Young  2002 ). 
A monochromatic source is frequently used so that the ery-
themal response can be investigated at several wavelengths, 
for example, 300, 320, 350, and 400 nm. Several methods are 
available to determine erythema, such as visually, by refl ec-
tance spectrophotometry, or by scanning laser Doppler velo-
cimetry. As the MED is a measure solely of each person’s 
sensitivity to UV radiation, another term, the standard ery-
thema dose (SED), has been proposed to refer to UV expo-
sure from natural and artifi cial sources. One SED is equivalent 
to an erythemal effective radiant exposure of 100 J/m 2  (Diffey 
 2002 ). An exposure of four SEDs is likely to cause moderate 
erythema on unacclimated white skin, but produce little or no 
erythema on previously exposed skin (Diffey  2002 ).   

24.4      Photoageing 

 Photoageing, also termed extrinsic skin ageing or premature 
skin ageing, is associated with chronically sun-exposed skin. 
It can be distinguished to some extent from the more subtle 
changes which occur during intrinsic ageing due to the pas-
sage of time on sun-protected body sites (Taylor et al.  1990 ). 

   Table 24.4    Classifi cation of skin phototypes (Fitzpatrick  1988 )   

 Phototype/ethnicity  UV sensitivity  Sunburn/tan 

 I – White Caucasian  Extremely sensitive  Always burns, never 
tans 

 II – White Caucasian  Moderately 
sensitive 

 Burns readily, tans 
slowly and with 
diffi culty 

 III – White Caucasian  Moderately 
sensitive 

 Can burn after high 
exposure, tans slowly 

 IV – White 
Caucasian, often 
southern 
Mediterranean 

 Relatively tolerant  Burns rarely, tans 
easily 

 V – Brown, Asian/
middle Eastern 

 Variable  Can burn easily, 
diffi cult to assess as 
pigment is already 
present 

 VI – Black, 
Afro-Caribbean 

 Relatively 
insensitive 

 Rarely burns 
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Animal models which have been used to investigate 
 photoageing and its repair include the micro-pig and the 
hairless mouse. The UV-A waveband induces the majority of 
the changes observed due to its high penetration into the der-
mis with effects on the extracellular matrix. Photoageing is 
found on the body sites most frequently exposed to sunlight, 
such as the face and the back of the hands and neck. The last 
site was fi rst recognized over a hundred years ago, and the 
condition called “farmer’s neck”—the heavily wrinkled nape 
of the neck—was seen in farmers and sailors who worked 
outdoors predominantly. The involvement of the endocrine 
 system and other environmental factors, such as smoking 
and malnutrition, can act to accelerate photoageing. 

 The characteristic features of photoageing include coarse 
and fi ne wrinkles, age spots (actinic lentigines containing 
increased numbers of dermal melanocytes), mottled hyper-
pigmentation and freckles, elastosis, leathery and thickened 
skin with surface roughness, and actinic keratoses, which are 
small scaly lesions, often multiple and persistent. In contrast 
unexposed skin or intrinsically aged skin is pale, smooth, 
and relatively unwrinkled. 

 The changes in photoaged skin are mainly due to effects 
on the dermal proteins which form the extracellular matrix. 
In brief, fi brillar collagen confers tensile strength, elastic 
fi bres confer resilience (recoil), and proteoglycans confer 
hydration. The fi rst stages of process are infl ammatory, 
where mast cells, monocytes, and neutrophils invade the der-
mis (Lavker and Kligman  1988 ). Proteolytic enzymes 
including elastase and matrix metalloproteinases (MMPs) 
are produced by the neutrophils and lead to the degradation 
of elastin. In addition, reactive oxygen species and DNA 
damage, particularly in the mitochondria, result from the UV 
radiation, and they induce the increased production of the 
MMPs in keratinocytes (epidermis) and fi broblasts (dermis). 
Particular MMPs cleave collagen, thus contributing to the 
degradation of the extracellular matrix. On each exposure to 
UV, collagen catabolism is induced, followed by repair, but 
the repair process is not absolute, and, over time, a net loss in 
collagen occurs, with further degradation of the extracellular 
matrix and the skin becoming more fragile as a result (Fisher 
et al.  1997 ). Loss of collagen within the papillary dermis 
probably leads to the wrinkled appearance. Fibrillin, which 
connects the papillary dermal elastic fi bre network to that of 
the deeper dermis, is not expressed. An increase in dermal 
elastin is found in the deep to mid-dermis where the fi bres 
are not laid down in an orderly fashion but are amorphous 
and severely truncated. Glycosaminoglycans, such as hyal-
uronate, are deposited in the dermis. The dermal vasculature 
is reduced in both size and density and is more liable to dam-
age from trauma. Both the epidermis and dermis have lower 
levels of antioxidant enzymes leading to the accumulation of 
oxidized and cross-linked proteins. The epidermis is initially 
increased in thickness but then becomes atrophic. The 

 melanin content varies from none to increased in different 
areas. There is also impaired wound healing. These changes 
in photoaged skin are reviewed in Kohl et al. ( 2011 ). It 
should be noted that recent evidence suggests that UV radia-
tion could directly degrade some of the proteins in the extra-
cellular matrix rather than via the generation of the MMPs. 
Elastic fi bres, such as fi bronectin and fi brillin, may be par-
ticular susceptible in this regard as they are highly enriched 
in UV-absorbing amino acid residues including cysteine 
(Naylor et al.  2011 ). 

 One of the main concerns regarding photoageing is that it 
is related to the risk of developing basal cell carcinoma 
(BCC) and squamous cell carcinoma (SCC) (see next sec-
tion). Solar elastosis of the back of the neck is one of the 
most accurate predictors for either of these cutaneous 
tumours.  

24.5     Photocarcinogenesis 

 The three skin tumours associated with sun exposure are 
malignant melanoma (MM), arising from the melanocytes in 
the epidermis, and SCC and BCC, together called the non-
melanoma skin cancers (NMSCs). Both SCCs and BCCs 
arise from keratinocytes, also in the epidermis, the latter 
probably from a pluripotential epidermal stem cell. Skin can-
cer is the most common form of cancer in fair-skinned 
individuals. 

24.5.1      Nonmelanoma Skin Cancer 

 Exposure to solar UV radiation represents the major environ-
mental risk factor for NMSC. This is demonstrated by the 
increasing incidence of NMSC in white populations of simi-
lar ethnicity with decreasing latitude. In addition positive 
correlations have been demonstrated between the incidence/
mortality of NMSC and solar UV irradiation in the same 
location. In most studies, outdoor workers have a higher 
 incidence of NMSC than indoor workers. In addition, the 
body sites where the tumours most frequently occur, the face 
and neck, indicate the importance of sun exposure in their 
aetiology. 

 However the pattern of exposure for the two types of 
NMSC is somewhat different: for SCC the risk increases 
with increasing cumulative lifetime dose of UV radiation 
(Kricker et al.  1994 ), but for BCC the relationship is more 
complex, and, although the cumulative dose of UV matters, 
exposure early in life or intermittent intense exposure such 
as may be experienced by sunbathing or outdoor recreational 
activities may be equally important (Kricker et al.  1995 ). 
A study in Queensland has revealed that sunscreens applied 
daily over a period of 4.5 years could prevent the  development 
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of SCC (with a tendency, although not statistically  signifi cant, 
towards decreasing the incidence of BCC) and that the dose 
of solar UV experienced as recently as in the past 5 years can 
affect the risk of developing SCC (Green et al.  1999 ). The 
benefi cial effect of the sunscreens is long lasting, up to at 
least 8 years after the end of a trial in which they had been 
applied daily to the head, neck, hands, and forearms (van der 
Pols et al.  2006 ). 

 SCCs are found as persistent red, crusted lesions on sun- 
exposed areas of the body, most frequently on the face and 
scalp (Fig.  24.2 ). They metastasize more readily than BCCs 
and are sometimes fatal. The incidence of SCCs is about 
25 % that of BCCs in immunocompetent subjects, but SCCs 
are 15 times more common than BCCs in immunosuppressed 
subjects, such as those receiving organ transplants. SCCs are 
found frequently in such patients, with the incidence rising 
in direct proportion to the time since transplantation, and 
there is an association with papillomavirus infection (see 
Sect.  24.6.3 ). For example, in a study of renal allograft recip-
ients in Edinburgh more than twenty years ago, 20 % had 
papillomas and 2 % had SCCs by 5 years posttransplanta-
tion, while 77 % had papillomas and 13 % had SCCs by 
22 years posttransplantation (Barr et al.  1989 ). However the 
drugs used before 1990 had adverse effects on UV-induced 
DNA damage and repair in skin cells. Newer immunosup-
pressive drugs with a different mode of action are likely to 
reduce the risk of SCC development.

   BCCs present as raised translucent nodules (Fig.  24.3 ) 
which develop slowly over a period of months or years. 
A common site is the central area of the face, often around 
the eyes, particularly the inner canthus where the upper and 
lower eyelids meet. BCCs occur increasingly on the trunk 
and upper arms in recent years, a trend attributed to the fash-
ion for intentional body tanning. BCCs are sometimes called 
rodent ulcers as they have the property of relentless local 
spread and destruction of large areas of the skin, cartilage, 

and even bone, if left untreated. They can be cured by  surgery 
or radiotherapy and rarely recur.

   Both BCCs and SCCs are very common although exact 
fi gures are almost impossible to obtain as frequently such 
tumours are unrecognized, or untreated, or treated without 
obtaining a histological diagnosis. Many reports indicate an 
increasing annual incidence of BCC and SCC in both tem-
perate countries and in places nearer the equator with fair- 
skinned populations. For example, the incidence of BCC 
increased by 3 % per year from 1886 to 2003 in the UK 
(Bath-Hextall et al.  2007 ), and the incidence of SCC 
increased fourfold from 1960 to 2004 in Sweden (Dal et al. 
 2008 ). The highest recorded incidences of NMSC are in 
Australia—in 2002 the incidence was fi ve times greater than 
the incidence of all other cancers combined (Staples et al. 
 2006 ). Forecast modelling of SCC and BCC in the 
Netherlands predicts that the rates of both will double by 
2015 compared with the rates in 2000 (de Vries et al.  2005 ). 

 NMSC has a much higher incidence in white than in 
 nonwhite individuals, and those with skin type I are at par-
ticular risk. The photoprotection offered by melanin in the 
epidermis provides an explanation of why the number of 
cases is fewer in those with pigmented skin. This  endogenous 
sun protection factor has been estimated as up to 13.4 in 
African Americans (Halder and Bridgeman-Shah  1995 ). In 
people with evidence of long-term cutaneous sun damage, 
such as elastosis of the neck and a large number of solar 
keratoses, there is also a raised risk of both SCC and BCC. 
The involvement of DNA damage in the induction of NMSC 
is shown most clearly in patients with the rare genetic disor-
der xeroderma pigmentosum (XP), in which there is a defect 
in the ability to repair DNA following UV exposure and a 
clinical hypersensitivity to UV radiation (see Sect.  24.7.1 ). 
These individuals are at greatly increased risk (5,000 times) 
of developing NMSC compared with normal people, and 

  Fig. 24.2    Squamous cell carcinoma at the corner of the mouth shown 
as a crusted lesion with ulcerated centre         Fig. 24.3    Basal cell carcinoma on the side of the nose showing a raised 

rolled edge and translucent appearance       
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almost all of the tumours are on constantly exposed sites 
(Kraemer et al.  1987 ). A practical and important study indi-
cates that application of a cream containing a DNA repair 
enzyme to sun-exposed areas of the body reduced the rates of 
actinic keratosis (a precursor lesion to NMSC) and skin can-
cer in patients with XP, compared with a placebo cream 
(Yarosh  2004 ). 

 Several UV-B-specifi c mutations are recognized in BCCs 
and SCCs, such as in the p53 gene and the PTCH gene (see 
Sect.  24.5.3 ). Other UV-related genetic factors are involved 
in photocarcinogenesis in addition, including mutations in 
the genes involved in the repair of DNA damage, alterations 
in DNA methylation, and variants in the melanocortin 1 
receptor gene and in the gene coding for the vitamin D recep-
tor (see Sect.   23.3    ). Several immunological responses are 
also key following UV irradiation, for example, the extent of 
UV-induced immunosuppression (see Sect.  24.6.2 ) and the 
relative proportion of CD4+ and CD8+ T cells. SCC is about 
2.2-fold and BCC about 1.6-fold more common in men than 
in women, indicating a gender imbalance. This could be due 
to higher sun exposure in men who tend to have more out-
door occupations and recreational activities than women and 
who expose a larger area of their skin and are less likely to 
use sunscreens. Furthermore evidence from animal studies 
suggests that females could be protected against photocar-
cinogenesis to some extent by the local synthesis of 
oestrogens.  

24.5.2     Malignant Melanoma 

 Although MM is much less common than BCC or SCC, it 
causes 80 % of the deaths associated with skin cancer. The 
most frequent type (about 70 % of all cases) is called super-
fi cial spreading, found most often in middle-aged individuals 
and seen as small brown or black lesions characterized by 
irregular lateral edges (Fig.  24.4 ). It is likely to be the nonin-
vasive precursor lesion to invasive and metastatic melanoma. 

Other types are nodular (found in elderly people and 
 developing rapidly on parts of the body not frequently 
exposed to the sun), lentigo maligna (found in elderly people 
and developing slowly from pigmented areas of skin that get 
the most sun exposure), and acral lentiginous (rare but the 
most frequent type in dark-skinned people, occurring on the 
palms and soles). Survival after surgical removal of a pri-
mary melanoma is directly related to the thickness of the 
tumour, which signals how far the melanocytes have invaded 
into the underlying dermis.

   In many areas of the world, the incidence of cutaneous 
melanoma increases as the latitude decreases. The annual 
incidence in Europe and the USA is between 5 and 24 per 
100,000 and in Australia, New Zealand, and South Africa, 
areas with higher ambient UV radiation, is more than 70 per 
100,000. Many studies in various countries have indicated 
that the incidence of MM has increased by between 1 and 
3 % per year over the past 50 years. 

 For example, in the UK between 1975 and 2000, MM 
showed the largest increase in incidence rate of all the major 
tumours. In the USA in 2011, invasive MM was the fi fth 
most frequent cancer diagnosed in men, the seventh in 
women, and the third in adolescents and adults aged 
15–39 years. Future forecasts predict that the incidence rate 
will not decrease for about another 20 years, by which time 
it will be double that found in 2004 (Diffey  2004 ). However, 
in a few instances the annual incidence has stabilized espe-
cially in people under the age of 40 years. This could be due 
to intensive public health campaigns which promote sun 
awareness, the use of personal photoprotection, and the early 
diagnosis of suspicious pigmented skin lesions. While the 
mortality rate of MM rose sharply in the second half of the 
last century, in the past 20 years or so deaths from MM have 
not increased in line with incidence and have even stabilized 
in some countries. This may be due to early detection and the 
predominance of thin melanomas (early stage) diagnosed in 
recent years that respond to treatment with high survival 
rates. 

 The strongest risk factor for MM discovered to date is 
large numbers of atypical nevi (moles) (Walls et al.  2013 ). It 
is possible that at least some MM arise from pre-existing 
benign melanocytic nevi, presumably by further genetic 
changes. Indeed the development of MM is consistent with a 
two-hit model where early UV exposure may initiate some 
premalignant changes and then further irradiation later in life 
may lead to progression (Basta et al.  2011 ). There is an asso-
ciation between early childhood solar exposure and the 
development of nevi, particularly episodes of sunburn or 
intense sun exposure, and the number of nevi is also deter-
mined, in part, by genetic factors. Studies which attempt to 
correlate cumulative UV exposure in white populations with 
the rise in the number of cases of MM have not yielded con-
sistent results. The consensus view at present is that intermit-
tent recreational exposure to the sun resulting in sunburn, 

  Fig. 24.4    Cutaneous melanoma on the cheek       
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particularly in early life, may be critical (Elwood and Jopson 
 1997 ; Rosso et al.  1998 ). Certainly there are lifestyle trends 
in recent decades, such as the fashion to be tanned; many 
people holidaying in the sun, especially with the advent of 
cheap charter fl ights; and minimal clothing being socially 
acceptable, all of which could lead to intense solar radiation 
exposure of untanned skin. The age at which acute solar 
exposure is experienced is important, and, in general, as for 
the development of nevi, there is a greater risk in childhood 
compared with adult UV irradiation. The involvement of sun 
exposure as a factor in MM is emphasized as it has been 
shown recently that regular sunscreen use can reduce the 
development of new primary and invasive melanomas (Green 
et al.  2011 ).  

24.5.3      Animal Studies of Photocarcinogenesis 

 Many animal studies have investigated the induction of SCC, 
BCC, and MM and their association with UV exposure. 
Mice, particularly hairless mice, have been used most fre-
quently and protocols where irradiation is given daily for 
weeks or months. SCCs are most readily formed in rodents 
and BCCs very rarely. Quantitative experiments in hairless 
mice have revealed the action spectrum and dose dependence 
for the induction of SCC (de Gruijl et al.  1993 ). Radiation of 
wavelengths around 290 nm is the most effective, but there is 
also a second, lesser peak in the UV-A waveband at about 
390 nm. Experiments in transgenic mice have revealed the 
type of UV-induced DNA damage that leads to SCC (Jans 
et al.  2005 ). Mutations in the tumour suppressor gene, p53, 
are implicated as early events, and microscopic clusters of 
epidermal cells with strong expression of mutant p53 are 
thought to be potential precursors of SCC (Kramata et al. 
 2005 ; Rebel et al.  2005 ). For BCC, UV-induced mutations in 
the sonic hedgehog signalling pathway, particularly of the 
PTCH gene, are thought to be important in the initiation of 
the tumour (Daya-Grosjean and Sarasin  2000 ; Reifenberger 
et al.  2005 ). This pathway plays a role in embryonic develop-
ment and is involved in oncogenic transformation. 

 UV radiation does not induce MM in rodents unless 
administered at the same time as chemical carcinogens. In 
recent years some transgenic mouse models have been devel-
oped to avoid this problem. The hepatocyte growth factor/
scatter factor mouse represents one such model which, unlike 
wild-type mice, has melanocytes in the epidermis and in 
trunk skin at the dermal/epidermal junction. In response to 
UV-B irradiation of these mice as neonates, lesions devel-
oped in similar stages as in human melanoma (de Fabo et al. 
 2004 ). It was shown subsequently that macrophages, 
recruited to the neonatal skin by the exposure, produced 
IFN-γ which then promoted the growth of the melanocytes 
(Zaidi et al.  2011 ). Further work using albino and black 

strains demonstrated two possible pathways for melanoma 
induction: one was initiated by UV-B, independent of mela-
nin, and was due to direct DNA damage, while the other was 
initiated by UV-A, requiring the presence of melanin and 
was due to oxidative DNA damage in melanocytes (Noonan 
et al.  2012 ). The UV-B waveband was a more effective driver 
of melanomagenesis than the UV-A waveband at initiating 
the melanoma. The majority of the mutations in the genomes 
of human melanoma have UV-B signatures, reinforcing this 
conclusion.   

24.6     Immunosuppression 

24.6.1     UV-Induced Immunosuppression 

 In addition to the mutagenic properties of UV, irradiation 
also leads to suppression of cell-mediated immune responses 
and of some antibody responses. The evolutionary advantage 
of this might be to inhibit chronically infl amed responses in 
the skin, due to the formation of neoantigens resulting from 
UV-induced DNA damage. It could also be a side effect of 
the release of mediators that enable repair of the damaged 
DNA. Immunomodulation was fi rst recognized in the 1970s 
when exposure to mice to UV radiation shortly before 
implantation of tumour cells resulted in downregulation of T 
cell responses to the tumour antigens, thus allowing growth 
of the tumour (Fisher and Kripke  1977 ). A variety of anti-
gens in addition to tumour cells have been tested since these 
early days, including microorganisms, haptens, and alloanti-
gens, all giving similar results. Where possible to assess, the 
same downregulation in immunity occurs in irradiated 
human subjects as in mice and other animal models. 
Suppression of primary immune responses has been demon-
strated where a novel antigen is applied within a few days of 
the UV exposure. Where an immune response has already 
been generated to an antigen, UV radiation can suppress the 
memory/recall response when the same antigen is reapplied 
at a future date within a short period after UV exposure. The 
suppression is considered local if the antigen is applied to a 
body site that has been directly exposed to the UV radiation. 
It is considered systemic if the antigen is applied to a distant 
site that has not been directly exposed to the UV radiation. 
Infl ammation due to the UV exposure could contribute to the 
systemic effects as, in general, the doses required are higher 
than those required for the local effects. It is not clear what 
UV wavelengths are most effective at inducing immunosup-
pression, especially as most studies have been done in vitro 
or in highly manipulated, sometimes transgenic mouse 
strains and with artifi cial lamps emitting a range of UV spec-
tra. However an action spectrum for the suppression of mem-
ory responses to nickel in human subjects using a solar 
simulator showed two peaks, one within the UV-B waveband 
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at 300 nm and the second within the UV-A waveband at 
370 nm (Damian et al.  2011 ). Indeed there may even be 
interaction between wavebands, illustrating the complexity 
of the process. 

 A cascade of reactions is initiated when the skin is exposed 
to UV radiation, and here only a brief overview is given. 
Further details can be found in Schwarz and Schwarz ( 2011 ), 
Ullrich and Byrne ( 2012 ), and Gibbs and Norval ( 2013 ). 
Exactly what happens may depend on the UV radiation (dose, 
intensity, wavelength, frequency of exposure), the antigen in 
question (type, quantity, route of administration, host species, 
and strain), and what aspect of the immune response is being 
monitored (primary, memory, innate, adaptive, body site). 

 Due to the poorly penetrating power of UV, the initiating 
event is thought to be absorption at the body surface by chro-
mophores, which change their structure as a result, leading to 
the production of various immune mediators locally. Several 
such chromophores have been identifi ed, the main ones being 
DNA (Schwarz and Schwarz  2011 ; Vink et al.  1998 ), trans-
urocanic acid (trans-UCA) (Gibbs et al.  2008 ), membrane 
phospholipids (Yao et al.  2009 ), and 7- dehydrocholesterol 
(Dixon et al.  2010 ). Details of their change in structure and 
the consequences are shown in Table  24.5 .

   As a result of the mediators produced, several cell popula-
tions in the skin and elsewhere in the body are changed. First 
the network of dendritic Langerhans cells (see Sects.  24.2.2  
and  24.2.3 ) in the epidermis is lost, and a proportion migrates 
to the T cell areas of the draining lymph nodes. There they 
are poor at producing IL-12, a cytokine that is important for 
effective antigen presentation (Schwarz et al.  2005 ). They 
are able to activate natural killer T cells which produce the 
immunosuppressive cytokine IL-4 (Fukunaga et al.  2010 ). In 
addition there is evidence that they can induce T regulatory 
cells which, on antigen-specifi c activation, release IL-10, 
another immunosuppressive cytokine (Schwarz et al.  2010 ). 
Other results indicate that the Langerhans cells might not 
play a major role in UV-induced immunosuppression but that 
the dermal dendritic cells might fulfi l this function (Wang 
et al.  2009 ). These cells are known to suppress CD8+ T cell 
responses to proteins and haptens. Mast cells are also 
involved at this stage. Following UVR, their number in the 
skin increases rapidly as a result of being attracted by IL-33 
produced by keratinocytes and dermal fi broblasts (Byrne 
et al.  2008 ). They then travel to the B cell areas of the drain-
ing lymph nodes where they stimulate B regulatory cells to 
produce IL-10. The IL-10 can also downregulate T cell- 
dependent antibody production by suppressing T follicular 
helper function in the draining lymph nodes (Chacon-Salinas 
et al.  2011 ). Finally a special population of macrophage/
monocytes infi ltrates the skin very soon after UVR, and 
these cells can be triggered to migrate to the draining lymph 
nodes on exposure to an antigen where they release IL-10 
(Toichi et al.  2008 ). Thus the immune responses to an anti-
gen applied to an irradiated body site during this time of mul-
tiple cellular and mediator changes are signifi cantly 
suppressed. 

 The pathways that might be involved in systemic immu-
nosuppression are not clear at present. Here the applied anti-
gen will end up in lymph nodes that did not drain the 
irradiated site or will be carried there by dendritic cells not 
affected by the UV radiation. Various scenarios are possible. 
First, the IL-4 produced by activated natural killer T cells 
and the IL-10 produced by T and B regulatory cells in the 
lymph nodes draining the irradiated skin are released sys-
temically and thus may alter the generation of the immunity 
elsewhere in the body. Second, other mediators such as vari-
ous complement components, histamine, prostaglandins, 
TNF-α, and IL-10 generated in irradiated skin may affect the 
migration of dendritic cells to the lymph nodes. Third, den-
dritic progenitor cells may be involved as such cells prepared 
from the bone marrow of irradiated mice induce tolerance 
and have suppressor activity due to prostaglandin produced 
by irradiated skin or by mesenchymal stem cells in the bone 
marrow (Ng et al.  2010 ). 

 It should be noted that UV radiation can lead to the upreg-
ulation of some antimicrobial peptides in the skin, possibly 

   Table 24.5    Cutaneous chromophores involved in the initiation of the 
pathway leading to suppression of cell-mediated immunity following 
ultraviolet radiation   

 Chromophore 
 UV-induced change 
in structure 

 Mechanism of action/
immune mediators 

 DNA  Cyclobutane 
pyrimidine dimers; 
6–4 photoproducts; 
ROS-induced base 
oxidation 

 Oxidative stress; 
release of PAF and 
PGE2; upregulation 
of IL-6, IL-10, IL-33, 
TNF-α; 
downregulation 
IL-12 

 Trans-urocanic acid  Cis-urocanic acid  Intracellular ROS; 
oxidative DNA 
damage; activation 
serotonin receptors; 
PAF, PGE2, and 
cytokine release; 
antigen presentation 
impaired; stimulation  
of neuropeptides; mast 
cell degranulation 

 Membrane 
phospholipids 

 Oxidative stress; 
lipid peroxidation 

 Receptor clustering; 
PAF and cytokine 
production 

 7-Dehydrocholesterol  Previtamin D  Upregulation of 
antimicrobial 
peptides; DNA 
repair; 
downregulation of 
many acquired 
immune responses 

   IL  interleukin,  PAF  platelet-activating factor,  PGE2  prostaglandin E2, 
 ROS  reactive oxygen species,  TNF  tumour necrosis factor  
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through a vitamin D pathway. Antimicrobial peptides repre-
sent an important part of the innate immune system, particu-
larly in the initial defence against microbial infection. This 
aspect is described in Sect.   23.6.1    .  

24.6.2      UV-Induced Immunosuppression 
and Tumours 

 Skin cancers, induced by chronic UV exposure of mice, are 
highly antigenic, and the human equivalent is likely to be just 
as antigenic. It is hypothesized that a neoantigen is formed in 
the skin by UV at a time when the antigen-presenting cells 
are altered, resulting in the activation of T cells, which sup-
press the normal immune responses to the tumour antigens 
(Kripke  1981 ). Therefore, the interference in the normal host 
defence mechanisms by UV may be critical. This can be seen 
most clearly in immunosuppressed individuals who are at 
signifi cantly increased risk of developing cutaneous malig-
nancies, particularly SCCs and whose tumours arise almost 
entirely on sun-exposed body sites. Furthermore, the work 
on XP patients described in Sect.  24.5.1 . provides compel-
ling evidence to suggest that UV-induced immunosuppres-
sion is a crucial factor in the generation of NMSC. It is also 
recognized that T regulatory cells infi ltrate SCCs and sur-
round BCCs and are likely to produce the immunosuppres-
sive cytokine IL-10 locally. Various murine models confi rm 
the role of the immune system in protection against skin can-
cers. For example, preirradiation of mice at one site led to 
enhanced primary tumour growth at a second irradiated site, 
with the promotion phase of carcinogenesis being most 
affected (de Gruijl and van der Leun  1982 ). In addition, mice 
which had received T regulatory (suppressor) cells prepared 
from UV-irradiated animals during the course of chronic UV 
exposure developed skin tumours earlier than mice receiving 
T cells from control unirradiated mice. Most convincingly, 
the induction of SCCs in mice as a result of chronic UV 
exposure can be inhibited by treating the mice throughout 
with a cis-UCA monoclonal antibody or a PAF receptor 
antagonist or a serotonin receptor antagonist (reviewed in 
Norval and Halliday  2011 ). 

 Skin phototype may be an important variable as it has 
been revealed that people with skin types I/II (see Sect.  24.3.1 ) 
demonstrate an increased susceptibility to UV-induced 
immunosuppression compared to people with skin types III/
IV (Kelly et al.  2000 ). This may help to explain why the for-
mer group is at higher risk of developing skin cancer than the 
latter group. Finally mast cells are also involved, as demon-
strated by a correlation between their density and skin cancer 
in human subjects: the higher the number, the higher the risk 
of BCC and MM. This association may be due to their pro-
duction of a range of immunosuppressive factors on activa-
tion by irradiation and by their stimulation of B regulatory 

cells after migration to the draining lymph nodes in response 
to UV radiation (Grimbaldeston et al.  2006 ).  

24.6.3      UV-Induced Immunosuppression 
and Microbial Infection Including 
Vaccination 

 Investigations into the impact of UV radiation on human 
infectious diseases are relatively few. However about 20 
models of infection in rodents have been examined in terms 
of UV and immunity, with the organisms ranging from 
viruses through bacteria and yeasts to worms. In practically 
all cases, suppression of immunity resulted, together with a 
decreased ability to clear the infectious agent and sometimes 
increased severity of symptoms or even death. Calculations 
have been made to relate the results obtained in the animal 
models to the human situation, and Garssen et al. ( 1996 ) 
concluded that people could receive suffi cient solar UV in 
about 100 min or less at midlatitudes around noon to sup-
press their immune responses by 50 %. Therefore, on the 
basis of this study, sunlight irradiance is likely to be biologi-
cally relevant to the effectiveness of the human immune 
response against microbial agents. Questions then arise con-
cerning many infectious diseases, particularly persistent 
infections where the organisms are not cleared from the body 
following the primary infection: these can lead to severe 
symptoms on reactivation or to oncogenesis. 

 However, in reality, there are few convincing examples to 
date where solar UV radiation adversely affects the patho-
genesis of human infections (reviewed in Norval  2006 ). The 
fi rst is herpes simplex virus (HSV), which causes cold sores. 
Here exposure to solar UV radiation is recognized as a com-
mon triggering factor for reactivation of the virus from 
latency. The irradiation is likely to have dual effects: by acti-
vating promoters of HSV as a result of damage to nerve end-
ings and by causing downregulation of the HSV-specifi c 
immune response in the skin, thus allowing viral replication 
and formation of the vesicular lesions. The second is particu-
lar human papillomavirus (HPV) types, which have been 
found in SCCs in immunosuppressed individuals and more 
recently in some immunocompetent people also. Such types 
are likely to have developed a range of immune evasion 
mechanisms, and these, together with the local UV-induced 
immunosuppression, may alter the balance between the virus 
and the host in favour of carcinogenesis. A possible third 
example is the recently discovered involvement of polyoma 
virus in Merkel cell carcinoma, a rare tumour, although 
increasing in incidence recently, with a very poor prognosis. 
It arises on sun-exposed body sites in elderly and immuno-
suppressed people. No investigations have been carried out 
thus far into any role in the oncogenic process for UV-induced 
suppression of immune responses to the polyoma virus. 
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 If UV radiation downregulates the immune response to 
a microorganism, then the effi cacy of vaccination could be 
signifi cantly reduced by the exposure, resulting in a higher 
chance of symptomatic infection if the organism is encoun-
tered at a future date. This possibility has not been exten-
sively investigated thus far for human vaccines, but limited 
published results indicate that a less effective immune 
response is generated if the vaccine is administered in the 
summer compared with the winter and in tropical com-
pared with temperate regions (reviewed in Norval and 
Woods  2011 ). Although many aspects of life change with 
latitude, the higher sun intensity in the summer and at low 
latitudes, leading to UV-induced immunosuppression, 
could explain these fi ndings. Only one large-scale experi-
mental study has been carried out which involved adminis-
tration of hepatitis B subunit vaccine to irradiated and 
unirradiated volunteers. Although no difference between 
the two groups in antibody or T cell responses to the vac-
cine was found, suppression had occurred in particular 
subsets of the irradiated group, divided on the basis of 
cytokine polymorphisms and epidermal UCA content 
(reviewed in Norval and Woods  2011 ). Further studies are 
required to examine the situation for the common vac-
cines, particularly those such as measles and tuberculosis, 
that are administered in tropical as well as in temperate 
climates.   

24.7     Photodermatoses 

 The photodermatoses represent a diverse group of conditions 
associated with abnormal skin responses to UV and/or visi-
ble radiation. These diseases have differing aetiologies and 
symptoms and can be divided into four main categories, each 
of which is described briefl y below. 

24.7.1      Genodermatoses: Xeroderma 
Pigmentosum 

 The fi rst photodermatosis group contains the genodermato-
ses, which are usually inherited. One example of this group, 
already mentioned above, is XP, a rare autosomal recessive 
disorder where the repair of DNA after UV exposure is 
defective, most frequently because of a mutation in the 
nucleotide excision repair process (reviewed in Knoch et al. 
 2012 ). The subjects suffer from extreme photosensitivity, 
burning after even minimal sun exposure. They are at greatly 
increased risk of developing all forms of skin cancer, but 
especially SCC and BCC. In former times they died before 
the age of 30 from a metastatic malignancy, usually SCC or 
MM. More recently, better sun protection is offered, and 
their life expectancy has increased.  

24.7.2     Idiopathic Photodermatoses: 
Polymorphic Light Eruption 

 The second group is the idiopathic photodermatoses, com-
prising a variety of diseases that all thought have an immuno-
logical basis. One of the most common is polymorphic light 
eruption (PLE), estimated to affect 5–20 % of the population. 
It has been demonstrated from family histories that PLE has a 
major genetic component with contributing environmental 
components, mainly sunlight exposure. PLE is manifest as an 
intermittent pruritic skin eruption which occurs several hours 
after sun exposure and takes the form of multiple small red 
papules, which resolve without scarring after a few days to 
weeks (Fig.  24.5 ). It is most frequent in the spring and early 
summer or during a sunny holiday, following the fi rst expo-
sure to a high dose of sunlight. After repeated exposure, the 
lesions are less likely to occur. There is no latitude difference 
in prevalence suggesting that PLE is triggered by different 
seasonal patterns of solar UV radiation.

   Many years ago it was suggested that a photoallergen 
could be induced in the skin of PLE patients, which then 
stimulates a cell-mediated immune response, precipitating 
the development of the lesions. Such a “self”-photoallergen 
has not been identifi ed as yet, although an infl ux of fi rst 
CD4+ lymphocytes, then CD8+ lymphocytes, is found in the 
exposed skin, a pattern that mimics a DTH response. The 
lack of the normal UV-induced immunosuppression in PLE 
could be due to reduced numbers of neutrophils and macro-
phages infi ltrating the irradiated skin and possibly reduced 
numbers of T regulatory cells in the winter months (reviewed 
in Wolf et al.  2009 ). The varying impact of UV-induced 
immunosuppression on skin diseases is illustrated by fi nding 
that the prevalence of PLE is 7.5 % in subjects with skin can-
cer compared with 21.4 % in gender- and age-matched con-
trols without skin cancer (Lembo et al.  2008 ). This illustrates 
the positive evolutionary advantage of the immunosuppres-
sion in protection against PLE balanced against the disad-
vantage in protection against skin cancer.  

  Fig. 24.5    Polymorphic light eruption showing multiple small papules       
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24.7.3     Cutaneous Porphyrias 

 The third group comprises the cutaneous porphyrias, in 
which there are inherited enzymic defects in heme synthesis 
leading to the accumulation of photoreactive porphyrins, 
which then photosensitize the skin. However, the porphyrias 
are precipitated by visible light (around 410 nm) rather than 
UV radiation and are not considered further here.  

24.7.4     Photoallergic Contact Dermatitis 

 The fourth group comprises photosensitization by systemic 
and tropical drugs and by chemicals. Compounds with such 
properties are increasing in number at the moment with the 
development of many novel pharmaceutical agents. When 
these substances get into the skin, they can act as chromo-
phores to absorb UV, thus becoming either phototoxic or 
triggering a range of biochemical or immunological 
responses in a proportion of individuals. (Phototoxicity is 
considered in Chap.   21    .) At low concentrations, some drugs 
and chemicals cause topical photoallergic contact dermatitis 
where an eczematous eruption occurs on UV-exposed skin 
sites, activated mainly by UV-A. The drug is converted to a 
photoproduct, which then binds to proteins or to cells in the 
skin, forming a novel antigen which then triggers a DTH 
response. More than one and frequently many exposures to 
the photoallergen in the presence of UV are required before 
this response is induced. As one example, 4-para- 
aminobenzoic acid has been implicated in photoallergic 
reactions, and its inclusion in sunscreen preparation has 
declined as a result. Photoallergic contact dermatitis can be 
diagnosed by duplicate photopatch testing of subjects, in 
which the substance is assessed with and without exposure to 
UV-A. The structural features of some classes of chemicals 
which make them active as photoallergens have been identi-
fi ed (Barratt  2004 ).      
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25.1           Introduction 

 Ultraviolet radiation, and also visible light, can kill bacteria 
and other microorganisms. This is not surprising and scien-
tifi cally not very interesting, but may be practically very 
important, as in the case of the bacterium causing tuberculo-
sis,  Mycobacterium tuberculosis . Niels Finsen, the fi rst pho-
tobiologist to be awarded a Nobel Prize (1903), found a 
method to heal a form of tuberculosis called  lupus vulgaris  
using light. 

 Ultraviolet radiation downregulates immune defense 
(Chap.   20    ) and, in this way, may promote infection. On the 
other hand, ultraviolet radiation makes possible the synthesis 
of vitamin D, which may counteract some infections, such as 
tuberculosis. These mechanisms are rather indirect, and we 
shall focus here infection-promoting effects via photorecep-
tors in the microorganisms themselves. 

 Several bacterial and fungal infections are promoted by 
light. We shall give examples illustrating a variety of mech-
anisms for these light effects. As has been pointed out by 
Liu and Nizet ( 2009 ), many pathogenic microorganisms 
have distinct colors, often refl ected in their names: 
 Staphylococcus aureus ,  Pseudomonas aeruginosa  (aerugi-
nosa refers to the green color of corroded copper, Latin 
“aerugino”, Swedish “ärg”),  Chromobacterium violaceum , 
etc. In many cases it has been shown that the pigment is 
necessary for virulence, but the connection between pig-
mentation and virulence is seldom understood. We shall 
start our review with an organism,  Cercospora , where the 
virulence mechanism and the role of a light-absorbing 

compound that it produces are simple and clearly under-
stood. In other cases where light plays a role in virulence 
and pathogenesis, the mechanism is more complicated and 
involves specifi c light receptors.  

25.2    Fungi: Ascomycota 

  Cercospora  is a genus with many parasitic species, each one 
specialized for a specifi c host plant. These host plants include 
many economically important crop plants, such as legumes, 
maize, tobacco, sugar beet, and banana. For a number of 
plants, it has been shown that fungal infection is more severe 
under strong light than under low light (Daub and Ehrenshaft 
 2000 ). The fungus produces cercosporin (Fig.  25.1 ), a photo-
dynamically active compound (see Chap.   21    ). In this case we 
are dealing with a mixed type I/type II photosensitization, 
resulting in the production of both superoxide anion and sin-
glet oxygen, the latter thought to be more important (Daub 
and Ehrenshaft  2000 ). This results in membrane damage by 
peroxidation of lipids and leakage through the plant cell 
membranes (Fig.  25.2 ), weakening the resistance and pro-
moting fungal invasion. An action spectrum for killing of 
tobacco cells in a solution of cercosporin (Daub  1982 ) fol-
lows the absorption spectrum of cercosporin (Fig.  25.3 ).

     Some species of  Cercospora  contain also other substances 
with a similar photodynamic effect. A number of other para-
sitic fungi, including the bamboo pathogens  Shiraia bambu-
sicola  and  Hypocrella bambusae ,  Alternaria  and  Elsinoe  
species,  Stemphylium botryosum ,  Dothistroma pini , and sev-
eral  Cladosporium  species, produce additional substances 
with photodynamic action that probably give these fungi a 
similar advantage (Daub et al.  2005 ). 

 Research has been carried out to understand how the 
fungi protect themselves from photodynamic damage. There 
is strong evidence that pyridoxine (vitamin B6) acts as an 
important protectant (Daub and Ehrenshaft  2000 ). A gene 
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called  CRG1 , encoding a transcription factor, is essential for 
resistance (Chung et al.  2003a ,  b ). 

  Fusarium oxysporum  has many strains with differing 
lifestyles, many living as saprophytes, some causing fusar-
ium wilt in plants. Some strains are also pathogenic to vari-
ous animals, from arthropods to mammals. The fungus 
harbors several photoreceptors (Avalos and Estrada  2010 ), 
of which one, the LOV-domain containing white collar-1, is 
necessary for virulence in mice, but not in plants (Ruiz-
Roldán et al.  2008 ). When a functional gene for white col-
lar-1 is absent, expression of some other photoreceptor 
genes is repressed (Avalos and Estrada  2010 ). No experi-
ments have been carried out regarding a possible light 
effect on virulence.  

25.3    Fungi: Basidiomycota 

 The pathogenic basidiomycete  Cryptococcus neoformans  is 
equipped with two white collar genes similar to that in 
 Fusarium oxysporum  (Idnurm and Heitman  2005 ). Deletion 
of either one of these genes results in reduced virulence in 
mice. Idnurm and Heitman ( 2005 ) draw the conclusion that 
“a role for blue/UV light in controlling development is an 
ancient process that predates the divergence of the fungi into 
the ascomycete and basidiomycete phyla.” We should, how-
ever, keep the possibility of lateral gene transfer in mind.  

25.4     Alphaproteobacteria of Order 
Rhizobiales 

  Brucella  is a genus of Gram-negative bacteria with many 
species infecting various mammals: rodents, carnivores, 
seals, ungulates, whales, monkeys, and man (Audic et al. 
 2011 ). Wild-type  Brucella  is 10 times more virulent after 
exposure to visible light than bacteria that were never 
exposed to light (Swartz et al.  2007 ). This effect has been 
shown to be due to activation of a LOV histidine kinase 
(regarding LOV, see Chap.   11    ), but exactly how this activa-
tion leads to increased virulence is not understood. This 
type of kinase is very widespread among bacteria, so per-
haps this effect of light is more common than yet 
discovered. 

  Rhizobium leguminosarum  is a soil bacterium that infects 
root hairs and induces the formation of nitrogen-fi xing nod-
ules on leguminous plants. Like its relative  Brucella , it is 
equipped with a LOV photosensing protein. Illumination of 
bacterial cultures before inoculation of pea roots increases 
the number of nodules per plant and the number of 
 intranodular bacteroids (Bonomi et al.  2012 ). Light can be 
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  Fig. 25.2    Ion leakage from maize roots treated with cercosporin. 
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conducted down the roots (Sun et al.  2003 ,  2005 ), and one 
can imagine that bacteria in the root zone can perceive and 
react to light. 

 Surprisingly Oberpichler et al. ( 2008 ) found a different 
behavior for  Agrobacterium tumefaciens , which belongs to 
the same order as  Rhizobium . Illumination decreases infec-
tivity and other processes related to it, as expression of fl a-
gella genes, motility and adhesivity (Fig.  25.4 ). The same 
authors found that light decreases growth (colony size) in 
 Agrobacterium tumefaciens  as well as in  A. vitis ,  Rhizobium 
leguminosarum , and  R. radiobacter  (Fig.  25.3 ). 

  Agrobacterium  is equipped with two sensors for long- 
wavelength red light (bacteriophytochromes) (Lamparter 
et al.  2002 , Karniol and Vierstra  2003 ), and possibly other 
light sensors (Obepichler et al. ( 2006 ,  2011 )), but what kind 
of light that elicits the effects described has not been 
investigated.  

25.5    Gammaproteobacteria 

  Acinetobacter baumannii  is a human pathogen. We know of 
no experiments with human cells infected with this organ-
ism, but when  Acinetobacter baumannii  was cocultured with 
the fungus  Candida albicans , the fi laments of the latter were 
killed by blue-light irradiation. The light effect seems to be 
mediated by a fl avoprotein in the bacterium (Mussi et al. 
 2010 ). In this case it is not a LOV protein, but a protein with 
another fl avine domain (BLUF). 

  Xanthomonas axonopodis  is a plant pathogen. It contains 
a photosensing protein of the kind referred to as BLUF (blue- 
light sensing using FAD), which is necessary for virulence, 
as is light (Kraiselburd et al.  2012 ). 

25.6     Firmicutes 

  Listeria  is a genus of Gram-positive rodlike bacteria which 
may contaminate food.  Listeria monocytogenes  causes seri-
ous infection in humans, with high mortality. Like  Brucella  it 
contains a LOV photoreceptor, but also a red-sensitive photo-
receptor. Ondrusch and Kreft ( 2011 ) tested the infectiveness 
of  L. monocytogenes  on cultured human colon epithelial cells 
(Caco-2 cells) with or without 10 min preirradiation with blue 
light. The blue light doubled the infection rate with the wild-
type  Listeria , but not when similar  Listeria  mutated in the 
 Lmo0799  gene were used (Fig.  25.5 ).  Lmo0799  is the gene 
for the LOV blue-light receptor in this organism. It was also 
noticed that the expression of a number of genes was increased 
by blue light. The photoreceptor has been further character-
ized by Chan et al. ( 2013 ), and other aspects of its action have 
been described by Tiensuu et al. ( 2013 ).
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weight in light (L) and dark (D) is shown in panel ( c ). (From Oberpichler et al.  2008 )       

300

250

200

150

100

50

0

Relative infection rate (percent)

wt + light

wt – light

Δ 0799 + light

Δ 0799 – light

  Fig. 25.5    Effect of light on relative infection rate (vertical axis) in 
Caco-2 enterocyte-like cells were infected with wild type of  Listeria 
cytogenes  and its isogenic ∆ 0799 mutant, defi cient in the Lmo blue-
light receptor. Prior to infection the bacteria were either exposed for 
10 min to blue light or kept in the dark (From Ondrusch and Kreft  2011 )       

 

 

25 Light-Promoted Infection



398

   The LOV receptor that helps  Listeria  to take advantage of 
light is also an Achilles heel. With all likelihood it is the 
photodynamic potency of the fl avin moiety of the photore-
ceptor that makes it possible to kill  Listeria  with strong blue 
light (Endarko et al.  2012 ). 

 Red light increases growth, swarming motility, and bio-
fi lm formation of  Bacillus amyloliquefaciens  JBC36, while 
blue light had an inhibiting effect (Yu et al.  2013 ).
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26.1            Introduction 

 Apart from the fl uorescence and phosphorescence intro-
duced in Chap.   1    , three kinds of light emission from a living 
organism may take place:
    1.    Photosynthetic  delayed light emission , also called  delayed 

fl uorescence  or  afterglow . This is weak red light emitted 
by all green plants and algae. The intensity is so low, and 
the light of such long wavelength, that we cannot see it, 
but it is easily measured. It is due to reversion of the fi rst 
steps of photosynthesis.   

   2.     Ultraweak light emission  takes place in all organisms. It is 
due to various processes, mostly (but not always) involv-
ing molecular oxygen. It is regarded as a by-product of 
metabolic activity and has no biological function in itself. 
It is even weaker than delayed light emission, and 
although it is often of shorter wavelength, it cannot be 
seen; rather sophisticated equipment is needed for its 
measurement. It can be exploited for studying what is 
going on in cells in a noninvasive and nondestructive way.   

   3.     Bioluminescence  is the best known of the biological lumi-
nescence phenomena, mostly because it can be observed 
using only one’s eyes. We shall devote most of this chap-
ter to bioluminescence. Although photosynthetic delayed 
light emission and ultraweak light emission are not, in our 
terminology, bioluminescence, sections at the end of this 
chapter will deal with these phenomena.    

  In addition to the more recent literature cited in this chap-
ter, we would like to mention the book by Harvey ( 1952 ) as 
an excellent summary of the older bioluminescence litera-
ture. Extensive reviews of marine bioluminescence are pro-
vided by Hastings ( 1966 ); Tett and Kelly ( 1973 ); Herring 
( 1982 ,  2002 , pp. 188–216); Marcinko et al. ( 2013 ); Wilson 
and Hastings ( 2013 ).  

26.2     Evolution and Occurrence Among 
Organisms 

 Although most species are nonbioluminescent, most phyla 
have bioluminescent representatives. Among the exceptions 
are true plants and higher vertebrates (i.e., amphibians, rep-
tiles, birds, and mammals). 

 Comparison of the biochemical systems involved clearly 
shows that bioluminescence has evolved multiple times. At 
least 30 independently evolved systems are still extant 
(Hastings  1983 ; Wilson and Hastings  1998 ; Waldenmaier 
et al.  2012 ). Still, most bioluminescence systems share some 
common features, as we shall see in the section on biochem-
istry. Rees et al. ( 1998 ) and Dubuisson et al. ( 2013 ) have pro-
posed that bioluminescence has evolved from antioxidant 
systems. 

 Thus bioluminescence occurs among bacteria, fungi, 
dinofl agellates, protozoa, sponges, cnidaria, ctenophores 
(comb jellies), molluscs, annelids, crustaceans, insects, 
bryozoa, echinoderms, and fi sh. The majority of biolumines-
cent species live in the sea, although there are also many bio-
luminescent insects (all terrestrial), especially beetles. It has 
been estimated that 60–80 % of the fi sh species in the deep 
sea are bioluminescent. Table  26.1  shows the distribution in 
more detail.

   Since bioluminescent microorganisms exist, one must be 
careful not to confuse microbial luminescence with 
 luminescence of the host. Many fi sh and mollusc species that 
have been regarded as bioluminescent organisms have been 
shown to glow by the light of symbiotic bacteria. There are, 
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however, also cases of true fi sh and mollusc 
bioluminescence. 

 It is probable that bioluminescence fi rst appeared during 
the “Cambrian explosion”, when the evolution of eyes had 
made it meaningful. Molecular oxygen is required for all 
known bioluminescence mechanisms, but the required oxy-
gen partial pressure (or equivalent chemical activity) is much 
lower than that of the contemporary atmosphere.  

26.3     Biological Roles: What Is 
Bioluminescence Good For? 

 In some cases the advantage to the organisms of biolumines-
cence is quite clear, in other cases quite obscure. An old 
hypothesis for explaining bioluminescence in cases where 
no other explanation could be found is that it takes care of 
big energy quanta, which could act destructively, and con-
verts them to harmless photons (McElroy and Seliger  1962 ; 
Seliger and McElroy  1965 ). The energy in a biolumines-
cence photon is an order of magnitude greater than the 
energy bound in a high-energy phosphate bond in, e.g., 
ATP. The evolution of bioluminescence could have been trig-
gered by the appearance of free oxygen, causing formation 
of dangerous peroxides. As we shall see, peroxides play a 
role in most bioluminescent systems. It has also been pointed 
out (Seliger and McElroy  1965 ) that bioluminescent reac-
tions, although depending on the presence of oxygen, require 
only very low partial pressures, corresponding to conditions 
in the distant past when organisms would fi rst have had to 
adapt to this dangerous triplet molecule. More recently Rees 
et al. ( 1998 ) present evidence for antioxidant activity in coel-
enterazine, a common marine luciferin, and Lyzen and 
Wegrzyn ( 2005 ) demonstrate similar protective effects in 

bacterial luciferases. Barros and Bechara ( 2000 ) further dis-
cuss the protective effect of an insect luciferase, with special 
regard to a beetle larva. 

 In those cases when we can clearly see a present-day 
 biological role for bioluminescence, we can divide the 
advantages gained into fi ve main categories: (1) reproduc-
tion, (2) protection from predation (defense, camoufl age or 
aposematic signaling), (3) food acquisition, (4) protection 
from reactive oxygen species (ROS), and (5) DNA repair by 
means of activation of photolyase repair enzymes. We shall 
give examples of each of them. 

26.3.1    Reproduction 

 The best-known examples of bioluminescence having a role 
in the propagation of the species are found among the beetles 
of the family Lampyridae (true fi refl ies and glowworms), 
although bioluminescence also occurs in several other beetle 
families. In glowworms only the female glows brightly (with 
a steady light) and by this attracts the male, and the same is 
the case in some fi refl y species. In other fi refl ies, a sophisti-
cated “light conversation” between males and females has 
evolved, with a different “language” for each species. Males 
send out an “interrogation” fl ash, and females respond. 
Species specifi cities are obtained both by the time course of 
the fl ash on a half-second time scale and by the time delay 
between “interrogation” and “answer.” Some details of this, 
with references are given by Seliger and McElroy ( 1965 ). 

 The competitive value of various fl ashing abilities has 
been investigated by Branham and Greenfi eld ( 1996 ), Vencl 
et al. ( 1994 ), and Vencl and Carlson ( 1998 ). For one species, 
Branham and Greenfi eld ( 1996 ) found that the fl ash rate, 
rather than the fl ash length or fl ash intensity, determined the 
female’s preference. 

 An intriguing phenomenon is the synchronous fl ashing of 
the males of some fi refl ies. These males often collect in a 
tree, and the whole tree fl ashes “in step” (Buck and Buck 
 1976 ; Buck  1988 ). Species differences and various ideas 
about how this synchronized fl ashing comes about, as well as 
how it aids the reproduction of the species, are discussed 
with many references by Buck ( 1988 ). For newer investiga-
tions on the phenomenon, we refer the reader to Moiseff and 
Copeland ( 2000 ). Another example of luminescence inten-
sity being synchronized among individuals is that of the 
cave-dwelling Tasmanian glowworm  Arachnocampa tas-
maniensis , which exhibit 24-h rhythm even in the distant 
parts of the cave where no daylight reaches (Merritt and 
Clarke  2011 ). 

 There is also a multitude of deep-sea animals which use 
bioluminescence for fi nding a mate in the dark abyss, and 
here new discoveries are certainly going to be made for some 
time to come. Among the more interesting cases is the 

   Table 26.1    Systematic distribution of bioluminescence   

 Phylum 
 Approximate number of genera with 
bioluminescence 

 Bacteria  5 
 Pyrrophyta  11 
 Protozoa  9 
 Porifera  1 
 Cnidaria  66 
 Ctenophora  15 
 Rhynchocoela  1 
 Nematoda  1 
 Mollusca  74 
 Annelida  40 
 Arthropoda  207 
 Bryozoa  1 
 Echinodermata  47 
 Chordata  208 

  Source: Adapted from Campbell ( 1988 )  
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 dragonfi sh, which uses light of a wavelength so long (maxi-
mum 702 nm) that it cannot be perceived by other organisms 
on which the dragonfi sh preys (Herring  2002 ). 

 There is little solid information on the role of biolumines-
cence in fungi (Cassius et al.  2013 ). Bioluminescence has been 
reported in about 40 species of fungi, of which nearly two 
thirds belong to the genus  Mycena . Other genera with lumines-
cent members are  Panellus ,  Armilariella ,  Lampteromyces , 
 Pleurotus ,  Omphalia , and  Omphalotus. Panellus stipticus  is a 
brightly luminescent fungus, common in North America, 
which has served as material for several investigations. It has 
been speculated that luminescent fungi attract insects which 
aid in dispersal of spores (O’Kane et al.  1990a ; Bermudes et al. 
 1992 , and many others). However, in many fungi, only the 
mycelium, and not the fruiting bodies, luminesces.  

26.3.2    Protection from Predation 

 One of the best-known examples of bioluminescence, 
described by Aristotle, is the “fi re of the sea” caused by dino-
fl agellates such as  Noctiluca  and  Gonyaulax . Its survival 
value remained obscure for a long time, but it has now been 
shown that it protects from grazing by copepods (Esaias and 
Curl  1972 ; Buskey and Swift  1983 ). 

 In different animal groups, there are examples of how bio-
luminescence can protect by diverting the attacker’s atten-
tion away from the prospective prey. Some squid, when 
attacked, give off a luminescent secretion which confuses the 
attacker, and luminescent secretion from a shrimp (Inouye 
et al.  2000 ) may serve a similar purpose. A kind of marine 
annelid called a scale worm is covered on the dorsal side by 
scales which fi rst emit fl ashes when the animal is attacked 
and then are shed, still glowing (Herrera et al.  1974 ). Its 
light-emitting protein may have use for detection of superox-
ide anions (Bassot and Nicolas  1995 ). 

 By aposematic coloration, we mean easily recognized 
bright color patterns like the black-yellow banding of wasps, 
spots on ladybugs, and stripes on coral snakes, which warn a 
predator of nasty consequences of an attack (and frequently 
are mimicked by species which do not have any other protec-
tion). It was shown by Underwood et al. ( 1997 ) that biolumi-
nescence of fi refl y larvae serves a similar purpose. The 
bioluminescence of the millipede  Motyxia sequoiae  also has 
an aposematic function (Marek et al.  2011 ). Luminescence 
of cockroaches is thought to be mimicry of non-palatable 
click beetles (Vršanský et al.  2012 ). 

 Somewhat surprisingly, bioluminescence can also be used 
for camoufl age in two different ways. Fish can be either lumi-
nescent by themselves or can harbor luminescent bacteria. 
Some fi sh of both categories use bioluminescence for coun-
terillumination and “disruptive illumination” (McFall- Ngai 
and Morin  1991 ), to avoid perception of their shape and size. 

Most fi sh are lighter on the ventral than on the dorsal side, 
and this can be regarded as minimizing their visibility: from 
above, they look dark like the background depth, and from 
below, they look bright like the sky above. This cannot give 
complete protection; they still look rather dark against a 
bright sky. But some fi sh, by bioluminescence, do match both 
the intensity and the angular distribution of the downwelling 
surface light (Denton et al.  1972 ). The spectral match is also 
very good (Denton et al.  1985 ), and the intensity is regulated 
according to ambient light (McFall and Morin ( 1991 ). 

 An intriguing function might be what is commonly called 
the “burglar alarm” hypothesis (Fleisher and Case  1995 ; 
Mensinger and Case  1992 , and papers cited in these). 
Bioluminescent organisms such as the dinofl agellate,  Noctiluca , 
respond to predation, or even movement, by fl ashing, thereby 
increasing the visibility of actual or potential predators to sec-
ondary predators, and thus protecting themselves.  

26.3.3    Food Acquisition 

 The deep-sea anglerfi sh  Linophryne arborifera  uses a bait 
with luminescent bacteria. Female fi refl ies of the genus 
 Photuris  reply to the “interrogating fl ashes” from males of 
other fi refl ies, lure them to approach, and eat them (Lloyd 
 1984a ). Most sly and cunning of them all are the females of 
 Photuris versicolor , who know fi refl y languages suffi ciently 
well to be able to prey on 11 different species (Lloyd  1984b ), 
but male  Photuris , in turn, outsmart the females by mimick-
ing their prey in order to mate (Lloyd  1980 ).  Lloyd and 
Wing ( 1998 ) further exemplify the dangers of being lumines-
cent. In other cases, luminescent fi refl ies rely for their catch 
on the more unspecifi c attraction of insects to light. 

 In addition to beetles, among bioluminescent insects one 
fi nds fungus gnats, members of the order Diptera. About a 
dozen of more than 3,000 species in the family have larvae 
which use bioluminescence in different ways to catch prey. 
Particularly famous are the larvae in the Te Ana-au caves on the 
South Island of New Zealand. The gnat larvae sit on the roof and 
deploy luminescent and sticky “fi sh lines,” which attract other 
insects which are caught and devoured. Willis et al. ( 2011 ) 
found that using light to lure prey is an energetically “cheap” 
predatory strategy compared to spiders’ web construction. 

 In many cases, marine animals are aided in their vision by 
their own luminescence, which functions mainly in the ser-
vice of food acquisition. Several fi sh species, such as 
 Aristosmonias scintillans  and  Pachystomias microdon  in the 
deep sea, and  Photoblepharon palpebratus  and  Anomalops 
katoptron  in shallow waters, have luminescent organs in 
proximity to their eyes. The dragonfi sh, which are so remark-
able that we shall return to them later, also belong to those 
for which vision is aided by their own bioluminescence, as 
are the shrimp-like euphausiids.  
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26.3.4     Protection from Reactive Oxygen 
Species 

 Rees et al. ( 1998 ) investigated the properties of coelenterazine, 
a common marine luciferin, and documented its strong antioxi-
dant properties. They proposed that during the early stages of 
their evolution, the primary function of these systems would 
have been detoxifi cation of oxygen and other ROS at a time in 
which environmental oxygen levels were rising (modern sur-
face waters are rich in superoxide [SO] and hydrogen perox-
ide). Along the way, these organisms would have developed 
effective ways of handling these potentially toxic and high-
energy systems, and as they colonized the less oxidatively 
stressful deeper levels of the seas (less light, including UV, less 
oxygen, and slower metabolisms), their systems would be pre-
adapted to produce light for other purposes (as these authors 
note, all bioluminescent reactions are high energy and require 
involvement of oxygen or its activated species). 

 Studies of luminescence in bacteria (Gonzales-Flecha and 
Demple  1994 ; Katsev et al.  2004 ; Lyzen and Wegrzyn  2005 ; 
Szpilewska et al.  2003 ) have reinforced and extended this view. 
There has long been speculation about the role of luminescence 
in bacterial life, besides its role in those symbionts, which pre-
sumably gain shelter, food, and possibilities of a future life. 

 Luminous bacteria occur in the genera  Vibrio , 
 Photobacterium ,  Lucibacterium ,  Alteromonas , and 
 Xenorhabdus ; most investigations deal with either the fi rst or 
second of these. The cited studies demonstrate that wild-type 
(=luminescent) bacteria of  Vibrio harveyi  and other strains 
are able to survive UV irradiation or exposure to hydrogen 
peroxide better than nonluminescent  lux  mutants and, fur-
ther, that this wild-type resistance can be conferred to  E. coli  
via constructs between the  lux genes  and the promoter of a 
stress-response gene. Gonzales-Flecha and Demple found 
that in  E. coli , the bacterial luciferase was producing super-
oxide as a by-product, and they urge caution in using this 
construct system to report oxidative stress in bacteria that 
normally do not produce such luciferase. It is highly proba-
ble, given the connection between ROS and biolumines-
cence, that other such systems will show similar effects.  

26.3.5    DNA Repair 

 Many of the above luminescent bacteria display a behavior 
called “quorum sensing,” in which the bioluminescent sys-
tems are not expressed until the colony reaches a certain den-
sity (Swift et al.  1998 ). A common interpretation is that this 
may deter predators from disturbing a colony that has gained 
a beachhead in a food item. But many luminescent bacteria 
luminesce at extremely low density, and in addition to possi-
ble detoxifi cation of ROS, evidence now suggests strongly 
that this solo luminescence may function in  activation of 

 photolyase enzymes in DNA repair (Czyz et al.  2000 , 
Kosakiewicz et al.  2005 ). In  V. harveyi  (nonluminescent),  lux  
mutants irradiated with UV light and then cultured in the dark 
did not survive as well as the (luminescent) wild type or as  lux  
mutants returned to light after irradiation; this result has been 
generalized to other strains of bacteria as well. In short, bac-
teria living in relatively dark levels of the ocean may be 
achieving photoreactivated DNA repair by producing their 
own “photo.” Experiments by Walker et al. ( 2006 ) do not sup-
port the theory that bioluminescence protects DNA. However, 
given that bioluminescence in these organisms may be 
extremely expensive metabolically (requiring about 20 % of 
cellular energy; Kozakiewicz et al.  2005 ), its use for protec-
tion against ROS and for DNA repair would certainly be a 
strong factor for its evolution and conservation. Indeed, cells 
are able to handle and manipulate many types of ROS. We 
will meet another such system later.   

26.4    Mechanisms of Light Production 

 As mentioned earlier, bioluminescence has evolved several 
times, and it is not surprising therefore that there are many dif-
ferent mechanisms (Hastings and Tu  1995 ). The different 
mechanisms do, however, have in common that they all require 
oxygen at some stage. Many of them also involve a perox-
ide—either a hydroperoxide or a cyclic peroxide. They involve 
catalysis by an enzyme called luciferase, but luciferases from 
different organisms are different (the outcome of comparisons 
of luciferase sequences is the main reason for the statement 
that bioluminescence in extant taxa probably has evolved 
about 30 times). Luciferase action on a relatively low molecu-
lar weight organic compound called luciferin results in an 
excited state of a pigment, which either emits light directly or 
transfers excitation energy to another emitter. 

 Bacterial luminescence is based on peroxidation of fl avin 
mononucleotide (FMN) and oxidation of a long-chain alde-
hyde to carboxylic acid, so fl avin mononucleotide can be 
said to be the luciferin in this case. The reaction scheme is 
shown in Fig.  26.1 . The fl avin molecule is here drawn iso-
lated but is, in fact, bound to the luciferase. The emission 
may be either the blue-green emission from FMN or be from 
an accessory chromoprotein to which the excitation is trans-
ferred. There are several such proteins known for different 
bacteria (Eckstein et al.  1990 ; Lee et al.  1991 ), but the mech-
anisms for light emission are not completely understood. 
Some bacteria can emit radiation with different spectra.

   Fungal bioluminescence is relatively little explored, and 
in most investigations, spectral analysis of the emitted light 
suffers from defi cient methods and equipment. The most 
reliable spectrum so far was published by O’Kane et al. 
( 1990b ). They found an emission maximum (on a photon per 
wavelength interval basis) of about 525 nm. Shimomura 
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( 1980 ,  1989 ,  1992 ) favors the view that the emission is 
caused by a reaction between hydrogen peroxide, a low- 
molecular amine, and panal (sesquiterpene aldehyde). 
However, as O’Kane et al. ( 1990b ) point out, such a conclu-
sion cannot be based on spectral data, since chemilumines-
cence of the latter system in vitro has emission maxima 
ranging from 485 to 570 nm, depending on conditions. 
Several other emitters have been proposed in fungal biolumi-
nescence, one of which is ribofl avin (Isobe et al.  1987 ). 

 Dinofl agellates have different luciferins depending on the 
species. In the most studied organism,  Gonyaulax polyedra , 
it is a tetrapyrrole-like substance with an extra ring 
(Nakamura et al.  1989 ), clearly derived from chlorophyll 
(Fig.  26.2 ), but in another species,  Pyrocystis lunula , it is 
quite different (Nakamura et al.  1989 ). The bioluminescence 
of  Gonyaulax  differs from that of most bioluminescent 

organisms in that no peroxide seems to be involved. Another 
remarkable thing is that the spectrum of luminescence agrees 
with the fl uorescence spectrum of unreacted luciferin 
(Hastings  1978 ), while the postulated emitter is nonfl uores-
cent. Therefore, the mechanism sketched in Fig.  26.2  must 
be regarded as tentative.

   For light emission by the fi refl y luciferin/luciferase reac-
tion (Fig.  26.3 ), prior adenylation of the luciferin by reaction 
with ATP is required. Both luciferin and luciferase are 
located in the peroxisomes in one part of the cell, while 
another part of the cell is full of ATP-generating 
mitochondria.

   Although different beetles can produce light with differ-
ent colors from green to red, they all seem to possess the 
same kind of luciferin. The differences in wavelength distri-
bution are probably due to differences in luciferase. Possibly 
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there are two different molecular species involved as emit-
ters, as sketched in Fig.  26.3 . 

 As for color of emitted light, the most remarkable animal is 
the larva in the beetle family Phengodidae ( Phrixothrix vivia-
nii  and  Euryopa  species), the so-called railroad worms (Viviani 
and Bechara  1997 ; Viviani and Ohmiya  2000 ). These carry 
both red lanterns (on the head) and yellow-green ones (on the 
sides) on the same individual. Color pictures of these magnifi -
cent animals are available at several Internet sites, e.g.,   http://
www.lifesci.ucsb.edu/~biolum/forum/vviviani2.html    . 

 The mechanism of bioluminescence in dipterans differs 
from that of beetles but is as yet little explored. 

 In addition to  Vargula  (see below), among crustaceans the 
euphausiids are worth special mention because of their 
strong light and sophisticated lantern optics. They are 
shrimp-like animals but distinct from true shrimps and not 
members of the group Decapoda. Like the dinofl agellate 
 Gonyaulax , they have a tetrapyrrole chlorophyll derivative as 
a light-emitting chromophore, but the macrocycle of the 
chlorophyll molecule is split open at another site. Their 
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 lanterns are equipped both with a refl ective backing and a 
lens system to direct the light. Those lanterns which are 
located on the eye stalks just above the eyes certainly serve 
as an aid to vision. 

 The structure of the luciferin typical of the coelenterates, 
i.e., cnidaria and ctenophores (coelenterazine), has great sim-
ilarities to the prosthetic group of a light-generating chromo-
protein, aequorin, of the jellyfi sh  Aequorea . The luciferin of 
the squid  Watasenia  is coelenterazine with the hydroxy 
groups replaced by sulfate groups. The luciferin of the crusta-
cean (ostracod)  Vargula  (formerly known as  Cypridina ) is 
also structurally related to these chromophores (Fig.  26.4 ).

   The luciferins of coelenterates and of  Vargula  function 
together with luciferases and also require oxygen for the 
light-emitting reactions to take place. Earlier it was thought 
that the bioluminescence of  Aequorea  (Fig.  26.5 ) was some-
thing in principle different, since the chromoprotein aequo-
rin extracted from it would glow in vitro when calcium ion 
was added, without the need for molecular oxygen. However, 
it is now realized that aequorin is an enzyme–substrate 
(luciferase–luciferin) complex which requires oxygen for 
formation and is stable in the absence of calcium ions.

   Just like some bacteria, some animals also have accessory 
light-emitting chromoproteins, proteins different from the 
luciferin–luciferase complexes. This is the case with 
 Aequorea  (Fig.  26.6 ) and also the sea pansy  Renilla  
(Pennatulacea, relatives of corals). Excitation energy is 
transferred by the Förster mechanism from the excited reac-
tion product of the luciferin to the covalently bound 
 chromophores of these accessory proteins.

26.5        Dragonfi shes: Long-Wave 
Bioluminescence and Long-Wave Vision 

 Even the dark deep-sea harbors creatures of great interest to 
photobiologists. Dragonfi shes are worth our attention for two 
reasons: their bioluminescence and their vision. Both operate 
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at the long-wavelength limit of our own perceptual abilities, at 
wavelengths of around 700 nm (Partridge and Douglas 1995). 

 Three genera,  Aristomias ,  Malacosteus , and  Pachystomias , 
emit both blue light from organs behind the eyes and far-red 
light from organs below the eyes (Widder et al.  1984 ; 
Douglas et al.  2000 ). It is possible that the basic lumines-
cence system is the same in both blue-emitting and far-red- 
emitting organs and that the latter are equipped with 
secondary emitters to which excitation energy is transferred 
from the luciferin. If this is the case, probably also an inter-
mediary pigment is required to span the spectrum from the 
479-nm (A.  scintillans ) or 469-nm (M.  niger ) primary emit-
ter to the fi nal 703-nm (A.  scintillans ) or 660-nm ( M. niger ) 
emitter, to make possible suffi ciently large overlap integrals 
for Förster energy transfer to take place.  M. niger  has a short- 
wavelength cutoff fi lter in front of the light emitter to shift 
the emission maximum from 660 to 702 nm (Widder et al. 
 1984 ; Denton et al.  1985 ). 

 What could the pressure be to drive evolution of emission 
maxima in both these fi shes to such long wavelengths, using 
different methods? This for a long time was an enigma. 
Water absorbs such radiation rather effi ciently, so its range 
cannot be very large. And, above all, what could its use be? 
It was hard to believe that any visual pigment could exist to 
permit the fi sh to see such long-wave radiation. 

 But in the diffi culty of constructing a retinal-based visual 
pigment with such long-wavelength absorption lies the 
explanation for the advantage. The dragonfi sh can use its far- 
red torch to watch its prey without being observed by other 
animals. But still, to have any use for the light, it must be 

able itself to perceive it. And how it manages to do that is the 
most remarkable fact about this fi sh. 

 The genera  Aristomias  and  Pachystomias  use a “conven-
tional” method. They have managed to tune a rhodopsin by 
“protein engineering” to get an absorption band peaking at 
588–595 nm or even 650 nm (Bowmaker et al.  1988 ; Douglas 
et al.  1998a ,  b ,  2000 ). This is quite a feat, considering that 
essentially the same chromophore, in a different protein 
environment, is used by other animals for UV receptors with 
sensitivity peaks around 360 nm. The tail of the 588-nm pig-
ment extends above 700 nm and would give some sensitivity 
overlapping the bioluminescence spectrum. However, in 
addition to rhodopsins (retinal-based visual pigments), fi shes 
(and also dragonfi shes) usually contain porphyropsins 
(3,4- dehydroretinal-based pigments) with the same opsin- 
type protein moiety. Although Douglas et al. ( 2000 ) were 
unable to fi nd the porphyropsin analogue of the 588-nm rho-
dopsin, they speculate that  A. tittmanni  is equipped with it. 
They calculate the absorption peak to be at 669 nm and show 
that it would match the bioluminescence almost perfectly. 

 But  Malacosteus  has not succeeded with this “protein 
engineering.” It has only two “conventional” visual pig-
ments, with peaks at 520 and 540 nm. But it has another trick 
up its sleeve. 

 Not only is it diffi cult to construct a retinal-based pigment 
with an absorption maximum above 650 nm, but there are, in 
fact, very few types of organic substances which absorb at 
such long wavelengths. One well-known type widespread in 
the biosphere is chlorophyll. Bacterial variants of this may 
have absorption peaks even above 1 μm. 
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 And this type of pigment is just what  M. niger  uses for its 
vision. Chlorophyll from photosynthetic bacteria at the base 
of the food chain has been converted to a mixture of pheophor-
bides and deposited in the outer segments of the photorecep-
tor cells in close contact with the 520- and 540- nm pigments. 
It seems either that in some way energy can be transferred 
from pheophorbide to these pigments (Douglas et al.  1998b , 
 1999  speculate that this could take place via the triplet state of 
the rhodopsin or porphyropsin) or that pheophorbide can act 
in place of ordinary visual pigments. 

 A well-illustrated description of the dragonfi sh light 
organs and further references are provided by Kenaley 
( 2010 ); Kenaley et al. (2014).  

26.6    Control of Bioluminescence 

 Even in bacteria, bioluminescence is regulated; bacteria do 
not glow unless the cell density is high, as it is, for instance, 
in the organs where some squids and fi shes harbor lumines-
cent bacteria. Fascinating details of how quorum sensing 
(density sensing) takes place and how host animals can con-
trol bacterial luminescence in their light organs are currently 
being revealed (McFall-Ngai et al.  2011 ; Miyashiro and 
Ruby  2012 ). 

 A common feature for many bioluminescent systems is 
that the light intensity decreases when ambient light 
increases. This indicates both that the light has some func-
tion in itself (not primarily serving to divert excess energy) 
and that bioluminescence is energetically and metabolically 
demanding and that an organism cannot afford to waste the 
resources. In a couple of cases, action spectra have been con-
structed for the inhibition of luminescence (Esaias et al. 
 1973 ; Li et al.  1996 ; Fig.  26.7 ), but the chromophore corre-
sponding to this spectrum is unknown, as is the mechanism 
of inhibition.

   There are many interesting fi ndings regarding regulation 
of bioluminescence. These range from such relatively short-
term events as the rapid fl ashing of fi refl ies and dinofl agel-
lates, and circadian rhythms, to long-term effects of 
environment and nutrient status and from organismal to sub-
cellular levels. We must refrain from descriptions of most of 
this here, and the reader is referred to the treatises by 
Campbell ( 1988 ), Ulitzur and Dunlap ( 1995 ), Hosseini and 
Nealson ( 1995 ), and Wilson and Hastings ( 1998 ). A few 
words will be devoted to recent fi ndings about one of the best 
investigated cases, fi refl y bioluminescence. 

 Most fi refl ies fl ash with precise timing in a species- 
specifi c way and rapidly respond to fl ashes from other fi re-
fl ies. Obviously they must have very tight control of their 
so-called photocytes, the light-emitting cells. How this 
 control is possible has been an enigma, since in some case 
they have no direct nerve connections. As we have seen, the 

light- emitting process requires oxygen, and the photocytes 
are located in close proximity to the profusely branched tra-
cheae (Figs.  26.8 ,  26.9 , and  26.10 ). Trimmer et al. ( 2001 ) 
suggest that the signaling takes place along the same path as 
the supply of oxygen, using the gaseous hormone nitrogen 
monoxide (NO). This hormone, coined “molecule of the 
year” by  Science  in 1992, is also important in human physi-
ology, but in humans and most other animals, it is transported 
in the dissolved state. According to this model, the fi refl ies 
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  Fig. 26.7    Action spectrum for the inhibition of bioluminescence of the 
dinofl agellate  Protoperidinium depressum  (Redrawn from Li et al. 
( 1996 ))       

  Fig. 26.8    A section through the light-emitting organ of the fi refl y 
 Photuris  sp, showing tracheae surrounded by cylindrical tracheal end 
organs and photocytes. The photocytes stretch rosette-fashion from one 
cylinder to the next (see the following fi gures) (From Ghiradella  1998 )       
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take advantage of the fact that it is a small molecule diffusing 
very rapidly in the gaseous phase. The nitrogen monoxide is 
produced in the terminal cells of the tracheal system, where 
the nerve projections end, and in some of the peripheral (and 
mitochondria-rich) parts of the photocytes (Fig.  26.10 ).

     This model, as many earlier ones, depends on oxygen as 
the controlling molecule and builds on earlier suggestions 
that the mitochondria that occupy the photocyte borders 
between the branches of the tracheal system and the photo-
cyte interiors (where the light is actually produced) may serve 

as “gate keepers,” using up incoming oxygen before it can 
penetrate into the photocyte. NO reversibly shuts down mito-
chondrial action, which in this case would then “open the 
gate” and allow free passage of oxygen. However, the model 
does not account for important morphological and physiolog-
ical features of the lantern, especially the presence in the pho-
tocyte interior of huge numbers of peroxisomes, organelles 
particularly adept at handling peroxides and other ROS. 

 Ghiradella and Schmidt ( 2004 ) propose that to complete 
the fl ash reaction (and thus control the fl ash) the photocyte is 
in fact using  hydrogen peroxide , produced in its peroxisomes 
from incoming oxygen, rather than the oxygen itself. This 
new proposal has required reworking of the current chemical 
model, which was generated by superb scientists but work-
ing at a time and in a climate in which it was not believed that 
cells can in fact control and manipulate reactive oxygen spe-
cies (ROS). We are learning that they can (Apel and Hirt 
2004), and our new knowledge of the capabilities of cells 
suggests that many models, these included, are ripe for reex-
amination and revision.  

26.7     Human Exploitation 
of Bioluminescence 

 Warfare is perhaps not an application one would guess at for 
bioluminescence. Japanese soldiers are said to have used 
dried  Vargula  for reading maps during World War II. When 

  Fig. 26.9    Preparation of isolated tracheae from a light-emitting organ 
of a fi refl y, showing the repeated ramifi cation (From Ghiradella  1998 )       

  Fig. 26.10    Diagrammatic view of part of a fi refl y lantern. At center, 
the main trachea (parallel to a nerve) is connected to a cluster of tra-
cheal end organs. At left is shown a longitudinally sectioned end organ 
with its tracheolar branches and the webbed intercellular border of an 

associated photocyte. To the right is shown a transversely sectioned end 
organ. In the upper part of the picture is a half-circle of cross sections of 
photocytes (From Ghiradella  1998 )       
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moistened, these dried animals emitted suffi cient light for 
the purpose. 

 The cloned gene of the fl uorescent accessory protein of 
 Aequorea  (“green fl uorescent protein”) has found wide 
application in molecular biology as a reporter gene. It has 
even been improved for this function by genetic engineering 
(Blinks  1989 ; Cubitt et al.  1995a ; Heim et al.  1995 ; Heath 
 2000 ; Deo and Daunert  2001 ). 

 The “arrested” luciferin–luciferase complex of  Aequorea  
can be used for extremely sensitive assays of calcium ion. 
Using this protein, it is even possible to map the concentra-
tion of calcium ions inside cells. The protein can be intro-
duced into the cells under study by different methods. If the 
aequorin gene is cloned into the organism under study, it 
ends up in the cytoplasm of that organism. The cytoplasm 
has a low calcium ion concentration most of the time, but one 
step in many signal transduction chains consists in a sudden 
elevation of the concentration, and this can be studied by this 
method (Knight et al.  1991 ,  1993 ; Cubitt et al.  1995b ; Wood 
et al.  2000 ,  2001 ). 

 Various other luciferase genes, especially that of the fi re-
fl y luciferase, are also used for the study of gene regulation. 
The luciferase gene is fused to the regulator gene under 
study. A disadvantage is that the organism has to be killed 
and treated in such a way that ATP and luciferin can be 
added. This can be circumvented by using instead bacterial 
luciferase, which can be activated by addition of the vapor 
of an aldehyde. However, as mentioned above, Gonzáles-
Flecha and Demple ( 1994 ) warn of at least one case in 
which the results were ambiguous. In a study aimed at 
reporting concentrations of redox stress agents, specifi cally 
superoxide, they fused the  lux  luciferase genes to the pro-
moter of  soxS , part of the cell’s response system to such 
agents, and discovered that the alien (to  E. coli ) bacterial 
luciferase was raising superoxide concentration, thereby 
complicating the measurements and the interpretation of the 
results. 

 The classic use of bioluminescence, however, is the use of 
a luciferin–luciferase mixture from fi refl ies as an assay for 
ATP. The sample to be analyzed is mixed with a luciferin–
luciferase mixture or crude fi refl y lantern extract. Since the 
luciferase preparations usually also contain an enzyme capa-
ble of converting two molecules of ADP to one molecule of 
AMP and one of ATP (a slower reaction than the luciferase 
reaction), AMP in the sample will also produce light but with 
much slower kinetics. Therefore the intensity of the initial 
fl ash upon mixing the sample with the reagents is taken as a 
measure of ATP. 

 The fi refl y assay for ATP has found very wide use, and 
kits for assay are commercially available. This application 
forms a natural bridge to the next section.  

26.8    Photosynthetic Afterglow 

 In the 1950s, many people were involved in the discovery and 
study of photosynthetic phosphorylation, and one of the present 
authors (LOB) had the privilege of working as an assistant to 
D.I. Arnon during this exciting time. Early in the decade, Strehler 
and Arnold ( 1951 ) had attempted to demonstrate the formation 
of ATP in a preparation of isolated chloroplasts by mixing the 
chloroplast suspension with fi refl y extract. After a period of illu-
mination to let the chloroplasts synthesize ATP, the experiment-
ers shut off all external light and tried to measure bioluminescence 
from the mixture. They were pleased to fi nd a clear light signal, 
which rapidly decayed with time (as they expected, because the 
tiny amount of ATP would soon be consumed by the luciferase 
reaction). Then they did a control experiment without fi refl y 
extract and to their surprise found that the light was as strong as 
before. This was the discovery of a phenomenon to which sev-
eral names have been given: afterglow, delayed light emission, 
delayed fl uorescence. Briefl y, it is due to the reversion of early 
steps in photosynthesis: light energy recently converted to chem-
ical, electrical, and proton gradient energy is reconverted to light. 
Chlorophyll serves as the emitter. 

 The delayed light emission is due almost exclusively to 
emission by photosystem 2 (PSII) and consists of several 
kinetic components. The most rapidly decaying component is 
due to return of electrons from pheophytin and the quinone 
called Q A  to the chlorophyll ion in the reaction center, result-
ing in excited chlorophyll. The slowest component also 
involves PSI and is best excited using long-wavelength light 
preferentially absorbed by this system. It is also dependent on 
molecular oxygen (Björn  1971 ). Energy for this emission is 
stored as proton gradient and as ATP and is inhibited not only 
by such electron transport blockers as DCMU but also by 
uncouplers. Even before the acceptance of the chemiosmotic 
theory of Mitchell ( 1961 ) study of this long-lived component 
demonstrated that the membrane system in a chloroplast stores 
energy as a unit (Björn  1971 ). Several reviews have been writ-
ten on delayed light emission; one of the best and most com-
prehensive is still that by Lavorel ( 1975 ). Apart from its use in 
studies of the mechanism of photosynthesis, delayed light 
emission has been used for study of plant damage by disease, 
frost, etc. A special technique for this is “phytoluminography,” 
whereby pictures of plants are produced using only the delayed 
light (Sundbom and Björn  1977 ; Björn and Forsberg  1979 ; 
Pérez-Bueno et al.  2006 ; Figs.  26.11  and  26.12 ).

    Photosynthetic cells also exhibit a phenomenon known as 
thermoluminescence (light emission caused by a tempera-
ture rise). It has, as has afterglow and chlorophyll fl uores-
cence, been used for experiments aimed at understanding the 
mechanism of photosynthesis (DeVault et al.  1983 ; Tyystjärvi 
and Vass  2004 ).  
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a b

c d

  Fig. 26.12    Leaf on a tobacco plant on which another leaf was inocu-
lated with tobacco mosaic virus 6 days before the picture was taken. 
The virus has spread through the veins to the depicted leaf. Pictures 
were taken using refl ected green ( a ) and red ( b ) light, red fl uorescence 

evoked by blue light ( c ), and light emitted by the leaf after cessation of 
external illumination ( d ). Only in the last case does the infection 
become visible at this early stage (From Björn and Forsberg  1979 )       

  Fig. 26.11    Part of a bean leaf imaged in different ways by its own 
emitted light:  Left , Fluorescence light;  center , fast luminescence (about 
0.25 s after the cessation of light incident on the leaf);  right , slow lumi-
nescence (integrated between 30 and 60 s after the cessation of incident 
light). The leaf veins were injected with DCMU, a substance that inter-

rupts electron transfer between the photosystems, before the picture 
was taken. This makes photosystem II dissipate energy faster, so fl uo-
rescence and fast luminescence become stronger but slow luminescence 
weaker than from unpoisoned cells further away from the veins (From 
Björn and Forsberg  1979 )       
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26.9    Ultraweak Light Emission 

 So far we have treated special organisms, which emit biolu-
minescence, and photosynthetic organisms, which produce 
delayed light emission due to reversal of photosynthesis. But 
all other organisms and all cells with active metabolism 
which have been studied emit very weak light. This is called 
ultraweak light emission. The ultraweak light emission from 
green leaves can be studied when the delayed light emission 
has decayed for about 4 h (at room temperature). 

 Ultraweak light emission probably has several compo-
nents with different causes. The main emission from green 
leaves is of a wavelength exceeding 600 nm and probably is 
emitted from chlorophyll. In most other cases, the emission 
is of shorter wavelength. It is believed that a main compo-
nent stems from peroxidation of unsaturated membrane lip-
ids. However, most cells contain other components which 
can emit light. For instance, when hydrogen peroxide is 
decomposed by catalase in the presence of various organic 
compounds (the plant hormone auxin is one example, pyro-
gallol another), light is emitted. A number of other causes of 
ultraweak light emission are listed by Campbell ( 1988 ). 

 If plants are irradiated with UV-B or UV-C radiation, the 
intensity of ultraweak light emission increases after a long 
lag period (about 2 days). The reason is probably that the 
ultraviolet radiation initiates a chain reaction, leading to per-
oxidation of membrane lipids. An action spectrum for this 
ultraviolet effect has been determined (Cen and Björn  1994 ). 

 Measurement of ultraweak light emission has recently 
been used for monitoring chemical stress in plants (Bertogna 
et al.  2013 ). 

 Various medical and other applications of measurements 
of ultraweak light emission are described by Campbell 
( 1988 ) and Jezowska-Trzebiatowska et al. ( 1990 ). 

 The authors dedicate this chapter to the memory of Woody Hastings 

and Thérèse Wilson.     
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27.1  The First Thoughts on a Role 
of Ultraviolet Radiation in the Origin 
of Life

A prerequisite for the emergence of life was the 

 availability of the chemical compounds of which organ-

isms are  constructed. Thus, it is of interest to find out 

how such  compounds can be formed abiotically from 

simpler molecules. A classic experiment (Miller 1953) 

showed that amino acids and other biologically important 

compounds can be formed from simple precursors (water, 

methane, ammonia, carbon dioxide, and hydrogen) if 

energy is added in suitable form. Electrical discharge was 

used in the first experiment. Ultraviolet radiation was 

then already considered as an energy source but was not 

used, since it was difficult to generate radiation of appro-

priate wavelength with sources available at that time 

(Miller and Urey 1959).

In these early experiments, the conditions were not what 

we nowadays consider to be realistic approximations of 

those that led to life. Since it is now known that a large num-

ber of organic compounds are present in space outside the 

Earth, interest has partially shifted from simulation of early 

Earth conditions to simulation of space conditions and from 

electric discharge to ultraviolet radiation as the form of 

energy input. In addition, the first experiments were done 

with liquid solutions; nowadays experiments are also carried 

out with reactions taking place on the surfaces of minerals 

and ice grains.

27.2  Methods for Studying Extraterrestrial 
Chemistry

A number of methods have been used for the study of extra-

terrestrial chemistry; these range from a number of spectro-

scopic methods (Herbst and van Dishoeck 2009) to chemical 

analysis of samples of meteorites collected on Earth and of 

samples retrieved from comets (De Gregorio et al. 2011), as 

well as remote analysis of Martian soil. Spectroscopy reaches 

far out in space and far back in time and has shown that car-

bon monoxide already existed 800 Ma after the Big Bang 

(Bertoldi et al. 2003; similar results by Wang et al. 2011). 

The photons from these simple molecules have been travel-

ing at a velocity of 299792456.2 m s−1 across most of the 

visible Universe and over most of the time that has elapsed 

since the Big Bang. In the meantime, we and other more 

complicated molecular assemblies have evolved, mostly 

from even simpler particles (protons and electrons). In this 

evolution, photons have played an important role, as we shall 

see in the following discussion.

27.3  A Plethora of Organic Compounds 
Found in Extraterrestrial Space

In closer regions of the Universe, which correspond to more 

recent times, between one and two hundred different extrater-

restrial carbon compounds have been detected (Herbst and 

van Dishoeck 2009; Wang and Bowie 2012; http://www. 

astro.uni-koeln.de/cdms/molecules; http://www.astrochymist 

.org/astrochymist_ism.html; http://en.wikipedia.org/wiki/List_ 

of_molecules_in_interstellar_space), with up to sixty carbon 

atoms in the molecules (Zhang and Kwok 2011). Of special use 
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is the probing of protoplanetary disks, precursors of planetary 

systems, since this can give insight into what our own solar 

system might have contained while the Earth was being formed. 

Spectroscopic detection of organic material in such a disk 

(Mandell et al. 2012) has been complemented with model cal-

culations (Throop 2011; Walsh et al. 2012). There has been 

some discussion as to whether the “biogenic” molecules, for 

instance, amino acids, have been created in a liquid environ-

ment or at low temperature. Temperatures compatible with liq-

uid water could have occurred in or on solid bodies before they 

aggregated to larger planets, due to the heat from radioactive 

decay of 26Al (McSween et al. 2002), and at times from the 

protostar when they come close to it (Ciesla and Sandford 

2012). However, the enrichment of deuterium found in meteor-

itic organic compounds is more compatible with irradiation at 

low temperature, especially as meteoritic water is deuterium 

depleted (Throop 2011). Photons absorbed by ice break molec-

ular bonds, producing reactive ions and radicals. If these reac-

tive photoproducts are adjacent to each other, they may react to 

form new compounds even at very low temperatures. When the 

irradiated ice is warmed, the photoproducts become mobile 

and react more readily.

27.4  Information from Space 
Complemented by Experiments 
on Earth

In simulations in which they have been exposed to ultravio-

let radiation and then warmed (Bernstein et al. 2002; 

Muñoz Caro et al. 2002; Nuevo et al. 2007, 2008), ices con-

sisting of water containing simple organic compounds have 

produced a large number of amino acids and other complex 

organics.

Experiments by Elsila et al. (2007), using an almost 

50–50 mixture of 122 and 160 nm radiation, indicated the 

following main reactions for the formation of glycine and 

serine from a mixture of water, methanol, hydrogen cyanide, 

and ammonia; the carbon and nitrogen atoms originating 

from HCN are indicated by bolding:

     

H O CH OH H NH H H OOH
UV

Glycine
2 3 3 2 2+ + +CN N C C⇒ − −

 

       

H O CH OH H NH H H OOH

CH OH

UV

Serine

2 3 3 2

2

+ + + ⇒ − −CN N C C
|

 

This differs from the result expected from the “Strecker 

mechanism” (Strecker 1850; Bernstein et al. 1999, 2002), in 

which the amino nitrogen comes from ammonia. As regards 

serine, the result differs also from a proposed “radical- radical 

 mechanism” (Woon 2002).

27.5  Radiation in the Young Solar System

It is thought that solar systems of our type start out in dense 

clusters of young stars. Inside a protoplanetary disk, most 

of the ultraviolet radiation does not come from its own sun, 

but from neighboring stars. This is because its own sun 

shines “edge on,” and the radiation is quickly attenuated by 

dust. Neighboring stars, on the other hand, can irradiate the 

whole disk. Although X-rays are also emitted, ultraviolet 

photons have a much greater impact on these reactions 

(Walsh et al. 2012).

The popular “faint young sun” hypothesis states that 

when it was young, 4.5 Ga ago, our Sun radiated ca 30 % 

less power than it does now. This, however, is true only for 

the complete spectrum and for components of longer wave-

length. In the shortwave UV region (below 170 nm wave-

length), it radiated more than now, as deduced from 

observation of stars similar to the young Sun (Canuto et al. 

1982; Ribas et al. 2010). The reason is nonthermal emission 

originating from magnetically active regions. Stellar mag-

netic activity is more pronounced in rapidly rotating young 

stars and decays roughly with the inverse square root of stel-

lar age (e.g., Skumanich 1972). Most of the ultraviolet 

 radiation in star-forming galaxies emanates from young 

stars (Law et al. 2011). Most of the shortwave radiation was 

probably absorbed by even thin planetary atmospheres and 

did not reach the solid surface (Cnossen et al. 2007). Ciesla 

and Sandford (2012) have carried out detailed modeling of 

the radiation to which ice grains are exposed, taking into 

account their movements inside an accretion disk. They find 

that the ultraviolet doses and temperature they are exposed 

to during a million years are similar to those used in the 

laboratory experiments and conclude that their “results 

imply that organic compounds are natural by-products of 

protoplanetary disk evolution and should be important 

ingredients in the formation of all planetary systems, includ-

ing our own.”

Organic compounds (HCN, C2H2) as well as water and 

carbon dioxide have been spectroscopically observed in sev-

eral protoplanetary disks (Carr and Najita 2008, 2011; 

Mandell et al. 2012). HCN and C2H2 are considered to be 

precursors of the nucleotide bases found in meteorites, but 

these bases themselves have so far not been observed in pro-

toplanetary disks or interstellar matter. UV irradiation of ices 

containing pyrimidine leads to formation of a large number 

of pyrimidine derivatives (Nuevo et al. 2009, 2012). Purine 

derivatives have been found in meteorites (Fig. 27.1), so- 

called CM2 meteorites.

L.O. Björn et al.
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Even before a new protostar and an accretion disk are 

formed, many organic compounds are present in the inter-

stellar medium. Among the most important of these are poly-

cyclic aromatic hydrocarbons (PAHs), which can be found 

spectroscopically almost anywhere in space (Allamandola 

et al. 1959, 1985; Allamandola 2011). These can undergo 

various UV-induced reactions, often with high quantum 

yields and can often be driven by long-wavelength UV or 

even by visible light (Klærke et al. 2011; Fu et al. 2012). 

These reactions therefore may have significance, even in 

dense clouds where radiation of shorter wavelength is atten-

uated quickly.

27.6  The Molecular Asymmetry of Life

One of the peculiarities of life on our planet is that many of 

such building blocks of the organism as amino acids, sugars, 

and nucleic acids are dissymmetric and different from their 

mirror images. This property is called homochirality, and it 

can be investigated using polarized light. The plane of plane- 

polarized light passing through a solution of the biological 

version of glucose is turned clockwise (“to the right”), and 

the same kind of light passing through a solution of one of 

the amino acids of which proteins are constructed is turned 

counterclockwise (“to the left”). It is not difficult to under-

stand that it is advantageous for organisms to use only one of 

two possible enantiomers. This cuts in half the requirement 

for enzymes that can handle the molecules and reduces the 

risk for “mistakes” in the metabolism. In the few cases that 

both enantiomers are used biologically, as are both d- and 

l-forms of lactic acid, it is in quite different contexts. But the 

big question that has occupied scientists for more than a hun-

dred years is why the biosphere on our planet uses one par-

ticular steric configuration, and not the opposite one. Does it 

have to do with a chance event in connection with the origin 

of life or with a specific property of our place in the universe, 

or does it have to do with basic physics, common to all places 

in the Universe? At present, the second possibility appears 

most likely.
Vocabulary

Chiral An adjective used about a kind of molecule that is dis-

symmetric. For biological molecules chirality usually arises as a 

consequence of four different atoms or atomic groups being 

bonded to the same (stereogenic) carbon atom. The term chiral 

has also been applied to circularly polarized light. Some mole-

cules are chiral, which means that they exist in two geometrical 

mirror-image forms that cannot be superimposed on each other.

Enantiomer A noun meaning a molecule with specific 

chirality.

Homochiral An adjective applied to a collection of molecules 

all having the same chirality, i.e., consisting of only one of two 

possible enantiomers.

Racemic An adjective applied to a collection of molecules 

where there is no excess of an enantiomer with a particular 

chirality.

The first possibility, a chance event on Earth, has seemed 

less likely after the discovery of non-racemic (not homochi-

ral) amino acids (Engel and Nagy 1982; Cronin and 
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Fig. 27.1 Distribution of 

guanine, hypoxanthine, xanthine, 

adenine, purine, and 

2,6-diaminopurine in 11 

carbonaceous chondrites and one 

ureilite. The three CM2 

carbonaceous chondrites in this 

study (Murchison, LEW 90500, 

and LON 94102) contained 

significantly higher 

(approximately 4× to 12×) 

abundances of purine nucleobases 

as well as greater structural 

diversity. The * represents a 

tentative assignment. The 

meteorites are roughly ordered 

(right to left) according to the 

degree that they have been altered 

by water (From Callahan et al. 

2011)
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Pizzarello 1997, 1999; Pizzarello and Cronin 2000; Pizzarello 

et al. 2003) and hydroxy acids (Pizzarello et al. 2010) in 

three kinds of meteorite. The chirality in all cases had the 

same sense. We show below data for lactic acid from 

Pizzarello et al. (2010) (Table 27.1).

Recently (Pizzarello et al. 2012) a survey of carbon- 

containing meteorites called CR chondrites found in 

Antarctica revealed very large enantiomeric excesses. If we 

define L = amount of l-form and D = amount of d-form, then 

l-form enantiomeric excess expressed as 100 × (L − D)/

(L + D) in such meteorites is up to 76 for alanine; 95 for ser-

ine, threonine, and glutamic acid; 65 for leucine; 90 for 

aspartic acid; and 45 for proline. The authors conclude that 

this material must have been formed in a dry and cold envi-

ronment and not undergone heating in the presence of water. 

Glabin et al. (2012) found large L excesses of several amino 

acids in a meteorite from British Columbia and could exclude 

terrestric contamination by isotope analysis.

A suggestion regarding the cause for the homochirality of 

life is based on the physical properties of matter, more pre-

cisely on the “weak neutral current”, a chiral force holding 

the atomic nucleus together. This can result in a very small 

energy difference between mirror enantiomers. Chandrasekhar 

(2008) discusses this theory and comes to the conclusion that 

at least in its original version this so-called electroweak 

effect is too small to have had any influence on the choice of 

chiral sense.

There are also other theories, but the one which has 

recently gained most support is based on photochemical 

reactions driven by circularly polarized ultraviolet radia-

tion. A suitable natural source for such radiation has so far 

not been conclusively found. However, it is likely to exist, 

since circularly polarized radiation of longer wavelength 

has been found to originate in star-forming regions of our 

galaxy. Bailey et al. (1998) and Fukue et al. (2010) demon-

strated circularly polarized infrared radiation from the 

Orion nebula (Fig. 27.2) and Kwon et al. (2013) found even 

stronger circular polarization (up to 22 %) in radiation from 

another star- forming region, NGC 6334-V. It is probably 

the dichroic extinction in the molecular cloud, rather than 

the scattering, that is the main cause of circular polarization 

(Lucas et al. 2005). Circularly polarized spectral lines are 

emitted from regions with magnetic fields, where the lines 

have been split and polarized by the Zeeman effect. Since 

both magnetic fields and ultraviolet emission are much 

more intense in young stars than in the present Sun, one 

might conceive situations where circularly polarized, radia-

tion could also be of some significance. Other with circular 

polarization were described by Hezareh et al. (2013) and 

Wiersma et al. (2014).

Irradiation in the laboratory of simulated “cosmic ice” 

leads to the production of non-racemic alanine, the sign of 

the enantiomeric excess depending on the sense of circular 

polarization (de Marcellus et al. 2011).

Polarization-selective photo-destruction of one enantio-

mer, rather than polarization-selective photosynthesis, is 

thought to lead to excess of the other enantiomer, which 

already by prebiotic evolution could lead to its complete 

domination.

So far, no chiral compound has been detected in the inter-

stellar medium (Møllendal et al. 2012).

Table 27.1 Hydroxy acids identified in the Murchison and two CR2 

meteorites, in nmol/g

Meteorite

Hydroxy acid GRA 95229 LAP 02342 Murchison

d-Lactic 16.8 97.9 39.9 (28.3–58.8)

l-Lactic 17.8 110.6 44.3 (32.0–64.5)

From Pizzarello et al. (2010)
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Fig. 27.2 Image of degree of circular polarization (%) in the Ks band 

(2.14 μm) of the central region of the Orion star-forming region. Image 

of circular polarization degree. The positions of IRc2 and BN are indi-

cated by a cross and a circle, respectively, while those of the Trapezium 

stars and the low-mass young star OMC-1S are denoted by big and 

small arrows, respectively. A positive sign for CP indicates that the 

electric vector is rotated anticlockwise in a fixed plane relative to the 

observer (From Fukue et al. 2010)

Table 27.2 Measured enantiomeric excesses for 13C-alanine

UV polarization Photons molec−1 e.e.L (%) 3σ error bars (%)

R-CPL ~5 −1.34 0.40

LPL ~2.5 −0.04 0.42

L-CPL ~2.5 +0.71 0.30

From de Marcellus et al. (2011)

R-CPL right circularly polarized, LPL linearly polarized, L-CPL left 

circularly polarized, e.e.L excess of l-enantiomer

L.O. Björn et al.
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The excesses in Table 27.2 are far from homochirality, but 

mechanisms have been proposed for prebiological increase 

of enantiomeric excess, once some excess has been achieved 

(Fletcher et al. 2007; Noorduin et al. 2009; Hein et al. 2011). 

The first of these mechanisms involves sublimation, the sec-

ond mechanical action, and the third chemical reactions.
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28.1             Introduction 

 The following is not meant to represent a complete set of 
practicals for a photobiology course. I shall try to do just 
what the title says—give some hints. As a general reference 
book for photobiological teaching experiments, Valenzeno 
et al. ( 1991 ) merits special mention. Those planning a gen-
eral photobiology course should consult that book also in 
addition to the present one. One disadvantage of several of 
the experiments in the book by Valenzeno et al. ( 1991 ) is that 
one needs advanced equipment which may not be available 
everywhere, and I have tried to concentrate below on less 
demanding experiments (although some do need special 
equipment). 

 Experiments and demonstrations must, of course, always 
be adapted to the audience. In the following you will fi nd 
some which, with suitable adaptations, can be used from 
elementary school to graduate student levels. From some of 
them you may even learn something yourself. 

 I am grateful to former students, Drs. Björn Sigfridsson, 
Gunvor Björn, and Susanne Widell, for testing some of the 
descriptions below.  

28.2     A Good Start 

 I shall start with my own pet demonstration, which I have 
used as an introduction to many courses, which makes stu-
dents start thinking and which can be a starting point for dis-
cussions on the interaction of light with matter, vision, 
photosynthesis, and phytochrome. It requires a lecture hall 
which can be effi ciently darkened, an overhead projector, a 

beaker, and an acetone extract of plant leaves. You should 
also make a cover of cardboard or masonite for the projector, 
so the light can emerge only from a hole slightly smaller than 
the bottom of the beaker. 

 Before the demonstration you should prepare the leaf 
extract. It is essential that it be very concentrated. The easiest 
way, if you have the time, is to put leaves into a bottle 
together with the acetone and let it stand in the cold and dark. 
A faster way is to grind the leaves with some sand and ace-
tone in a mortar and fi lter the slurry. You will require about 
1 l of extract for a 2-l beaker. Make sure that the extract is 
clear. 

 Ask your audience what color plant leaves have and 
whether they know what makes them have that color. They 
are likely to answer that plant leaves are green, and in most 
audiences at least somebody is likely to answer that it is 
chlorophyll that makes them green. Explain that in your bot-
tle (which should preferably be brown or opaque so as not to 
show the color of the extract) you have an extract with the 
pigments of plant leaves and that you are now going to dem-
onstrate the color. 

 Switch on the overhead projector, put the cardboard mask 
on, and place the beaker so that it covers the hole in the mask. 
Turn off the room light completely. Pour a small amount of 
your extract into the beaker. As expected, a green color will 
be projected onto the screen. 

 Pour more and more of the extract into the beaker, and let 
the (usually very surprised) audience see how the color on 
the screen goes through a dirty brown to a clear red. Then 
point to the beaker to make them see the brilliant red chloro-
phyll fl uorescence, and ask them again what the color of 
chlorophyll is and to think about what color really is: a prop-
erty of an object or a sensation in our brains. 

 A few explanations follow:
    1.    The red color to be seen on the screen is something quite 

different from the red light radiating in all directions from 
the solution. The light on the screen, which appears red to 
us, is really far-red, i.e., light of very long wavelength 
which chlorophyll cannot absorb. This is the kind of light 
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dominating at the bottom of a dense forest or inside a 
wheat canopy. It is the kind of light driving phytochrome 
(a light-sensitive pigment in plants; see Chaps.   11     and   12    ) 
from the  P  fr  form to the  P  r  form.   

   2.       The red light radiating from the solution is energy that has 
been absorbed and excited chlorophyll molecules and 
been reradiated as fl uorescence when the chlorophyll 
molecules reverted to the ground state. Chlorophyll in 
solution fl uoresces much more intensely than chlorophyll 
in the plant, because the plant uses much of the absorbed 
energy for photosynthesis.   

   3.    For us the color on the screen and the light radiated by the 
solution look the same, although the wavelength compo-
sition is different, because we do not have any light- 
sensitive pigment in our eyes absorbing at longer 
wavelength than the one that has an absorption maximum 
at 552 or 557 nm (depending on the person; see Chap.   9    ).     
 You can do a similar demonstration—except that there 

will be no fl uorescence—using colored Perspex or Plexiglass 
instead of the chlorophyll solution. You start with one layer 
of green acrylate, showing a green color on the screen, and 
add additional layers of green acrylate until only far-red light 
goes through. The version with chlorophyll solution is no 
doubt the best, but if you are traveling around or have to 
arrange a demonstration in a hurry, it may be good to have 
the colored plastic version available. You can also use blue 
acrylate; in fact any color will end up far red if you add a 
suffi cient amount of acrylate.  

28.3     The Wave Nature of Light 

 The laser pointers now available on the marked make dem-
onstrations of diffraction and interference much easier than 
they used to be. Pointers with laser diodes can be obtained 
very cheaply now. Even laser pointers of the same type emit 
light with slightly different wavelengths, but with the same 
indistinguishably red color. If you have a couple of such 
pointers with different spectral tuning, you can therefore eas-
ily arrange one more demonstration of the fact that wave-
length and color are not the same. It is possible to fi nd some 
colored plastic, for instance, blue Plexiglass, which transmits 
light from one pointer but not from the other, although both 
give light of the same red color. 

 More importantly, you can easily demonstrate both single- 
slit diffraction and Young’s famous double-slit experiment 
with using laser pointers. You may be able to cut out suffi -
ciently thin slits in (not too thick) cardboard. Alternatively, 
you can use black adhesive tape that you stick either on a 
glass slide or over a hole in a piece of cardboard. Better preci-
sion can be obtained by drawing one black line (or for the 
double-slit experiment, two parallel black lines with a small 
spacing in between) on white paper, photographing the paper 
with ordinary negative black-and-white fi lm and using the 

negative. A number of other items for optical experiments can 
be purchased from Edmund Scientifi c. 

 If you want to demonstrate how a grating works and have 
not got one from an instrument, you can use a recordable CD 
or a DVD. The latter has many more lines per mm and thus 
defl ects light more. The curvature of the grooves will not 
matter with the small spot from a laser pointer. If you have 
suffi cient money for teaching your course, you may want to 
buy the (much more expensive) laser pointers with green 
light and UV-A radiation now available to show how the 
behavior of the beam depends on wavelength.  

28.4     Singlet Oxygen 

 Singlet oxygen for demonstration purposes can be easily gen-
erated by mixing hydrogen peroxide (30 %) with solid sodium 
hypochlorite. If you do this in a darkroom, you will see a 
rapidly fading red glow. This is the so-called dimol  emission 
of singlet oxygen, which has half the wavelength of emission 
from isolated singlet oxygen molecules. Dimol emission 
takes place when the concentration of singlet oxygen is suf-
fi ciently high, and the probability is high that two singlet oxy-
gen molecules collide and the excitation energy of both are 
added to form one photon. 

 Concentrated hydrogen peroxide is extremely caustic, 
and mixing it with sodium hypochlorite will cause heating 
and gas production, so you have to take great care to avoid 
splashing and especially to protect your eyes. Try it out in a 
lighted room before you do it in the dark. One good way is to 
use a Pasteur pipette with a rubber balloon for the hydrogen 
peroxide, fi ll it in the light, and put it in a test tube that you 
hold in one hand together with a test tube with the hypochlo-
rite. To see the dimol emission well, you should fi rst dark- 
adapt your eyes for 5 min.  

28.5     Complementary Chromatic 
Adaptation of Cyanobacteria 

 Some cyanobacteria form no phycoerythrin when grown 
under red light and then appear blue green in color from 
chlorophyll, phycocyanin, and allophycocyanin. When 
grown under green light, they change to almost black, 
because of the presence of phycoerythrin. 

 The most diffi cult part of this is to obtain a suitable cul-
ture of cyanobacteria. We recommend either  Tolypothrix 
tenuis  or  Fremyella diplosiphon  (Fujita and Hattori  1960a ,  
b ; Diakoff and Scheibe  1973 ). The American Type Culture 
Collection (  http://www.atcc.org    ) has  Tolypothrix tenuis  
Kutzing 20,335 and many other strains, but at high cost. 
From Carolina Science and Math (  http://www.carolina.
com/#    ), you can buy a set of 15 cultures including a 
 Tolypothrix  sp. (not tested) for US$ 86.25 (Oct. 2007). 
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Sammlung Algenkulturen at the University of Göttingen 
sells  Tolypothrix tenuis  (accession number 94.79) and 
 Fremyella diplosiphon  (accession number 1,429-1b) to 
noncommercial customers for 12.50 Euro per culture 
(early 2007) plus postage. The most complete collection of 
chromatically adapting cyanobacteria is available at the 
Institut Pasteur in Paris,   http://www.pasteur.fr/recherche/
banques/PCC/help/htm    .    The following culture medium is 
suitable for  Tolypothrix tenuis  (concentrations in g/l): 
KNO 3  (3.0), MgSO 4 7H 2 O (0.5), Na 2 HPO 4  (0.2) or 
Na 2 HPO 4 12H 2 O (0.5), CaCl 2  (0.02) or CaCl 2 2H 2 O (0.027), 
FeSO 4 ·7H 2 O (0.02), and trace elements (B, Mn, Zn, Mo, 
Cu, Co). Trace element amounts and recipes for other suit-
able media are listed on the Internet at the above culture 
collection sites. 

 Light to adapt to is generated by green and red fl uorescent 
lamps (e.g., Philips TLD 17 and TLD 15, respectively). The 
red lamps can be wrapped in red (or yellow) cellulose acetate 
foil to fi lter off small amounts of blue light given off (par-
ticularly at the ends), the green lamps with green (or yellow) 
foil. If colored fl uorescent lamps are hard to obtain, white 
ones can be used if several layers of appropriate-colored cel-
lulose acetate are wrapped around them. The cultures grow 
more rapidly if they are bubbled with 5 % carbon dioxide in 
air, but ordinary air will also do. With added carbon dioxide 
1 week should be allowed for suffi cient growth—without 
added carbon dioxide 2 weeks. 

 For evaluation of the result, you may be content just look-
ing at the cyanobacteria with the naked eye and in the micro-
scope. You can also do in vivo absorption spectra using a 
“Shibata plate,” i.e., a scattering plate, just behind the 
cuvettes in the spectrophotometer, or use the apparatus 
described in Chap.   25    . For quantitative estimation of the 
phycobiliprotein pigments, proceed as follows. 

 Separate the organisms from the culture medium by low- 
speed centrifugation, and resuspend them in a small amount 
of 0.01 M phosphate buffer (pH 7.0), and sonicate them. 
Avoid overheating by precooling the suspension, keeping it 
in ice during treatment, and sonicating in several short 
pulses. If you have a French press or equivalent, you can 
disintegrate the cells more completely by using it. Only 
grinding in a mortar does not give a very good result. 
Centrifuge the slurry at 10,000× g for 5 min and then the 
supernatant for 1 h at 80,000×  g  to obtain a clear phycobilip-
rotein extract. 

 Measure the absorbance of the extract (if necessary after 
dilution) at 565, 620, and 650 nm. The specifi c absorption 
coeffi cients of the phycobiliproteins, in g/l/cm, are as 
follows:

 Phycoerythrin  Phycocyanin  Allophycocyanin 

 565 nm  12.6  3.12  1.81 
 620 nm  0.22  6.77  4.39 
 650 nm  0.15  1.75  6.54 

   The absorbance you measure at each wavelength will be 
the sum of the products of concentration ( c ) and absorption 
coeffi cient ( ε ) for each of the three pigments times the path-
length ( L ), i.e.,  A   λ   = ( c   E  · ε   E   +  c   C  · ε   C   +  c   A  · ε   A  )  L , where subscripts 
 E ,  C , and  A  stand for phycoerythrin, phycocyanin, and allo-
phycocyanin, respectively. You will thus have an equation 
system with three equations and three unknowns, which can 
be solved for the pigment concentrations. 

 Instead of continuous light treatments, you can try induc-
tive pulses according to descriptions in the literature. The 
colored polypeptides can be separated into very beautiful 
bands by isoelectric focusing.  

28.6     What Is Color? The Benham Disk 

 The Benham disk (or Benham’s disk or Benham top) was origi-
nally a toy, not even    invented by Benham, but described by him in 
a paper in  Nature  (Anon.  1894 ). Since then many learned papers 
have been written about it. A review with 67 references was pub-
lished by von Campenhausen and Schramme ( 1995 ), and publica-
tions continue on the subject until recently (e.g., Le Rohellec and 
Vienot  2001 ). There is no real consensus about how it works, but 
in any case it affords a clear demonstration that color and spectral 
composition of light are not the same. It is a disk with a black-and-
white pattern. Surprisingly, you can change the apparent color in 
different sectors of it just by changing the direction of rotation. 

 A template for the disk is shown in Fig.  28.1 . Copy it 
(double size) and glue the copy to cardboard, cut it out, and 
attach it to an electric or hand-driven drill so you can rotate 

  Fig. 28.1    Template for a Benham disk       
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it around its center. An electric drill with variable speed and 
the ability to reverse the direction is ideal. The disk in 
Fig.  28.1  is an example; other versions can be found on the 
Internet, but one half of the disk should always be black. In 
my experience, the most vivid colors are obtained if the 
black sectors in the other half are narrow, like the one shown. 
It can be instructive to make a disk with stripes of various 
widths. It is very important that one is able to adjust the 
speed. If the rotation is too slow or too fast, you will see no 
color.

   One of the fi rst explanations for appearance of the color 
phenomena was that receptors in the eye for different spectra 
regions have different time constants. This explanation, how-
ever, is no longer regarded to be correct. The contrast 
between different parts of the image projected on the retina 
is regarded as an essential ingredient.  

28.7     Photoconversion of Rhodopsin 

  Background   Visual pigments in vertebrate eyes are concen-
trated in cells called rods and cones. The rods are active in 
“dusk vision,” while cones are used for color vision in stron-
ger light. The light-sensitive pigment in rods is rhodopsin, a 
protein with 11- cis -retinal as a chromophore (see Chaps.   10     
and   11    ). Absorption of light triggers a multistep isomeriza-
tion process, resulting in the separation of protein and chro-
mophore and to bleaching of the initially red color. The fi rst 
part of the rhodopsin conversion, from rhodopsin to metar-
hodopsin I, is photoreversible. 

 Chemicals required for the experiment are as follows 
(Johnson and Williams  1970 ):
   Sodium phosphate buffer (0.15 M, pH 6.5)  
  Sucrose solution (40 % w/v dissolved in the phosphate buffer)  
  Potassium aluminum sulfate (KAl(SO 4 ) 2  4 % w/v in water)  
  Hydroxylamine hydrochloride (NH 2 OH HCl, 0.05 M in 

phosphate buffer)  
  Digitonin (2 % w/v dissolved in phosphate buffer in a heated 

water bath)     

  Biological Sample   Obtain several (at least eight) cattle eyes 
from a slaughterhouse, and leave them in the dark for an hour 
at room temperature. Dissect out the retinas under red light. 
The retinas can be frozen and preserved for use later.  

  Extraction of Rhodopsin   The preparation is carried out in 
a cold room under red light. Avoid too much of the working 
light on the retinas. Put eight retinas in a cold mortar and 
grind very thoroughly for 20 min. Then add 5–10 ml of the 
sucrose solution (about three times the volume of the ground 
retinas). Mix well and transfer the suspension to a transpar-
ent centrifuge tube. Carefully layer phosphate buffer (about 
the same volume) on top, using, for instance, a syringe with 

a short tubing. Try to keep a sharp interface between the two 
liquids. Centrifuge at high speed for 30 min. The rod outer 
segments have about the same density as the sucrose solution 
and will be enriched at the interface between the liquids. 

 Carefully suck the rod outer segments into a syringe. 
Transfer them to a new centrifuge tube, and fi ll it halfway 
with buffer. Centrifuge at high speed for 10 min. Discard the 
supernatant, and repeat the washing procedure. Then add 
3 ml KAl(SO4) 2 , which will fi x the rhodopsin. Let stand for 
10 min. Precipitate the segments again by 10-min high-
speed centrifugation, and wash twice more, but now with 
water. Add 4 ml of the digitonin solution to the rod seg-
ments. Stir thoroughly, and let stand in the cold overnight. 
This  procedure will solubilize the rhodopsin. Centrifuge 
just before the experiment, which is carried out on the clear 
supernatant.  

  Experiment 1. Low Fluence Rate Treatment   Under red 
working light, pipette 600 μL of rhodopsin solution and 
150 μL of NH 2 OH HCl into a 10-mm spectrophotometer 
cuvette. Prepare a reference cuvette with 600 μL of buffer 
plus 150 μL of NH 2 OH HCl. Determine the absorbance dif-
ference between the cuvettes throughout the range 
500–600 nm. 

 Remove the sample cuvette from the spectrophotometer, 
and put it about half a meter from a small incandescent lamp, 
such as a microscope lamp. Illuminate for 30 s and let stand 
for 2–3 min. In this time, the retinal released from the opsin 
protein will react with the hydroxylamine, which results in a 
product with absorption maximum at much shorter wave-
length than rhodopsin. Disappearance of intermediates will 
also be speeded up by the hydroxylamine. Again determine 
the difference absorption spectrum between sample and ref-
erence cuvettes. Repeat the procedure until 80–90 % of the 
rhodopsin has been bleached. Then switch on normal room 
light, and bleach the remaining rhodopsin. 

 Repeat the irradiation experiment with one quarter of the 
fl uence rate. If you cannot measure the light and have not 
calibrated the fi lter, and provided you have a small light 
source (not a fl uorescent tube) and a not too white or shiny 
lab bench, you can approximate this by doubling the distance 
between the lamp and cuvette. 

 Compute the ratio ( A  i  −  A   t  )/( A  i  − A e ) as a measure of con-
verted rhodopsin for each time point:  A  i  = initial absorbance 
difference,  A  e  = fi nal absorbance difference, and  A   t   
 absorbance difference for irradiation time  t . Compare the 
result for the two fl uence rates, and fi gure out whether the 
process follows the Bunsen–Roscoe law (“reciprocity law”). 
What is the reaction order?  

  Experiment 2 .  High Fluence Rate Illumination   Repeat 
the same, but using a photofl ash instead as light source. Does 
this alter the validity of the reciprocity law, and if so, why?   
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28.8     Photosynthesis of Previtamin D 

 An experiment to determine the quantum yield of provitamin 
D 3 -to-previtamin D 3  conversion is described by Pottier and 
Russell ( 1991 ). Part of their description concerns the use of 
the ferrioxalate actinometer, which is already covered else-
where (Chap.   4    ) in the present book, as is the theoretical 
introduction. One diffi culty in carrying out the experiment as 
described by Pottier and Russell ( 1991 ) is that the pure pre-
vitamin D 3  used for calibration in their experiment is not 
commercially available. The present description is modifi ed 
with this in mind. 

 I shall also take the opportunity to show an unusual way 
of determining the quantum yield, which sometimes has 
advantages. 

 For determination of quantum yield of a photochemical 
reaction, one usually determines the number of molecules 
converted and the number of photons absorbed and takes the 
ratio between the two quantities. Björn ( 1969b ), when faced 
by the problem of determining the quantum yield of inactiva-
tion of an enzyme, could not directly measure the amount of 
light absorbed by the enzyme, because the enzyme solution 
was dilute and the amount of light absorbed by it very small. 
He showed, instead, that the quantum yield equals  10 log( a  o / a   t  )/
( ε · t · I ), where  a  o  is the concentrations at the start and  a   t   that 
after irradiation time  t ,  I  the photon fl uence rate, and  ε  the 
molar absorption coeffi cient. 

 In our present case, the photoconversion of provitamin D, 
we have to keep in mind that the primary product, previtamin 
D, can undergo a number of photochemical reactions which 
could disturb our measurement. We avoid them in two ways: 
by limiting the amount of radiation to keep the amount of 
product (previtamin D) much lower than the amount of sub-
strate (provitamin D) and by choosing a wavelength at which 
the substrate absorbs much more strongly than the product, 
i.e., 294 nm. For an ethanol solution containing 5 μg provita-
min D per ml (which is a suitable concentration for experi-
mentation), the absorbance at 294 nm in a 1-cm layer is 0.088. 
The absorbance of a corresponding solution of previtamin D is 
only 0.034. 

 We choose the initial provitamin concentration with the 
following in mind: it should be high enough to allow accu-
rate spectrophotometry, yet low enough to keep the fl uence 
rate within the sample reasonably uniform. If the absorbance 
in a 1-cm cuvette is 0.088, then the irradiance at the exit side 
of the cuvette is 10 –0.088  = 81.7 % of that on the illuminated 
side, i.e., transmission  T  = 0.817 for a thickness  x  = 1 cm. The 
average irradiance is ∫ T   x  d x  = ( T  − 1) 10 log  e / 10 log T  = −0.183/
ln 0.817 = 0.905. Use of such an average irradiance in the 
calculations requires that the solution is stirred. For an 
unstirred solution it is better to mentally divide the solution 
into, say, 10 (or 100) layers, calculate for each layer 
 separately how the chemical change (and the change in 

 irradiance) takes place, and fi nally add up the chemical 
change for the layers. I leave this as an exercise for the reader. 

 The molecular weight for provitamin D 3  is 384.65 (for 
provitamin D 2  it is 400.70; this can be looked up in the 
Handbook of Chemistry and Physics, where the compounds 
are called Δ 5’7 -cholestadien-3β-ol and ergosterol, respec-
tively). Thus the molar absorption coeffi cient ε (for the D 3  
form) is 384.65 · 10 6  · 100/5/1,000 m −1  M −1  = 7.7 · 10 4  m −1  M −1  
(the factor 10 6  is for converting μg to g, 100 for converting 
cm to m, and 1,000 for converting ml to l). Thus the quantum 
yield in our special case is  10 log( a  o / a   t  )/( ε · t · I ·0.905)  =  
10 log( a  o / a   t  )/(7.7.10 4 · t · I ·0.905), with  t  and  I  in SI units.  

28.9     Photoconversion of 
Protochlorophyllide 

  Background   The synthesis of chlorophyll  a  proceeds via 
5- aminolevulinic acid (ALA), protochlorophyllide, and chloro-
phyllide  a . When angiosperms are grown in darkness, the syn-
thesis is arrested at the protochlorophyllide stage. However, 
there is no major buildup of protochlorophyllide, because the 
synthesis of ALA is exposed to feedback inhibition by proto-
chlorophyllide and is resumed only when protochlorophyllide is 
used up. This is the reason that plants do not become visibly 
green in darkness, even if protochlorophyllide in itself has a 
green color. When the plant is illuminated, protochlorophyllide 
is transformed to chlorophyllide by photoreduction, and it is the 
protochlorophyllide itself, bound to NADPH–protochlorophyl-
lide oxidoreductase (POR, EC 1.6.99.1) that absorbs the active 
light (Björn  1969a ). The reductant is NADPH, which in dark-
ness is bound to the enzyme together with protochlorophyllide. 

 The transformation of protochlorophyllide to chlorophyl-
lide  a  can be monitored spectrophotometrically directly in 
living leaves, since the weak light beam in the spectropho-
tometer does not noticeably affect the process. A single fl ash 
from an electronic photofl ash, on the other hand, transforms 
a large part of the protochlorophyllide present.  

  Spectrophotometer   You will need a good split-beam spec-
trophotometer (or a single-beam spectrophotometer with 
computer that can store a reference signal). For this you 
should make a special leaf holder. If you use bean leaves (see 
below), the leaf holder should consist of two glass plates and 
some kind of clamp holding the plates together, so you can 
position the leaves between the plates, covering the measur-
ing beam. The details depend on the spectrophotometer. One 
of the glass plates should be scattering (ground surface or 
milky glass), or you must add a special Shibata plate to scat-
ter light after passage of the sample and reference. 

 If you use grass leaves, you can use the standard cuvette 
holder (except that you need to add a Shibata plate). Instead 
of a cuvette you use a square rod of Plexiglas or Perspex 
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(1 cm × 1 cm × 4 cm) in which you have drilled nine holes 
(1.5-mm diameter) along the 4-cm direction. Five of the 
holes are in a row, with 1 mm in between. The remaining four 
holes are in another row, such that the holes are in between 
the holes in the fi rst row. Figure  28.2  gives an idea of what the 
grass leaf holder looks like from above. You may need to 
adjust the dimension to the kind of grass you use; maize needs 
larger holes.

     Experimental Procedure   You can use either bean or wheat 
plants (or some other grass). All steps in which you handle 
your plants or leaves after sowing should be carried out in 
dim green working light. Your eyes, fortunately, are most 
sensitive to this light, whereas the process you want to study 
has a sensitivity minimum in the green spectral region. 

 If you use bean plants, soak the beans in dilute hydrogen 
peroxide (initial concentration 1–2 %) overnight, and then 
remove the seed coats. The hydrogen peroxide serves both to 
kill some mold spores and to facilitate peeling by producing 
gas under the seed coats. Sow the beans directly in vermiculite 

or sand that has been heated to kill microorganisms, or pre-
germinate on fi lter paper, and then sow under green light. Let 
the plants grow (about 5–7 days) until the fi rst true leaves 
(between the cotyledons) have become a little longer than the 
cotyledons. If you wait until the plants have become much 
older, only part of the protochlorophyll(ide) will be immedi-
ately phototransformable. 

 If you use grass leaves, after sowing a few dozen caryop-
ses, allow the plants to grow in darkness until you (by inspec-
tion under green light) see that the leaves have just emerged 
from the coleoptiles. They will still remain tightly rolled 
together unless you have used too much of your inspection 
light (unrolling is a phytochrome-controlled reaction). 
Collect nine leaves, cut out 5 cm of the middle portion, and 
put them in the holes in your leaf holder. No matter what 
kind of leaf you use, it is important that the leaves completely 
cover the whole measuring beam in the spectrophotometer. 

 Record a spectrum for the unirradiated leaves from 500 to 
720 nm. Do not worry about absolute absorbance; it is the 
shape of the spectrum that is of interest. To balance the split- 
beam spectrophotometer with the leaves on the sample side, 
you may need to put something “neutral” in the reference 
beam. One or a few pieces of fi lter paper serve well. 

 When you have recorded the “dark” spectrum, irradiate in a 
suitable way, for instance, with a photofl ash. Record a new spec-
trum. If you want to produce a good-looking series of spectra, as 
in Fig.  28.3 , it is important that you work fast, since the Shibata 

Light

  Fig. 28.2    Sketch of holder for grass leaves in spectrophotometer       
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  Fig. 28.3    Absorption spectra for dark-grown bean leaves, before illu-
mination ( curve 1 ), after 1, 2, and 10 exposures to a photographic fl ash 
( curves 2–4 ), and after incubation for various times in darkness after the 
light exposures ( curves 5–12 ). The fi rst curve represents mainly the 
absorption of the protochlorophyllide–NADPH–enzyme complex, 

which is changed to a chlorophyllide  a –NADP + −enzyme complex by 
illumination. During the following dark incubation, the chlorophyllide 
is released from the enzyme, attaches to another protein, and is esteri-
fi ed to chlorophyll  a . More sophisticated experiments reveal several 
spectral shifts       
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shift from the initial chlorophyllide  a –enzyme complex starts at 
once (rate depending on age of leaves and other factors).

   This experiment can be modifi ed in a number of ways. 
The protochlorophyllide–enzyme complex (“protochloro-
phyllide holochrome”) can be extracted and the conversion 
studied in solution, and fl uorescence spectroscopy can be 
used in place of absorption spectroscopy (Björn  1969a ). 

 In case you do not have access to an advanced research 
spectrophotometer, it should be possible to adapt this experi-
ment for the home-built apparatus described in Chap.   25    .   

28.10     Separation of Chloroplast Pigments 

 There are many ways of carrying out this experiment, but I 
have my defi nite favorite. It is to use a cylindrical chroma-
tography paper, as described below. 

  Pigment Extraction   Choose a plant species that does not 
have extremely acid cell sap, which will result in conversion of 
chlorophyll to pheophytin. We have used, among others, spin-
ach, bean, and stinging nettle. Extract a leaf using a small 
amount of 100 % acetone. We have usually done this in a mor-
tar with sand, and then one has to fi lter or centrifuge to get a 
clear extract. I have read that other people, with good result, 
have just left the leaf with acetone in a bottle in the dark for a 
day or two, so if you do not want to do the whole experiment 
in one day, this saves some work and dishwashing. 

 The acetone extract may be applied as it is to the chro-
matogram, but then you cannot put on very much of it without 
getting into trouble. It is better to mix it with a little (one-tenth 
the volume of the extract or so) light petroleum (or hexane) 
and add water (about the same volume as the original extract) 
to separate into two layers. Discard the lower (aqueous) layer 
(the most convenient way is to suck up the upper layer using 
a Pasteur pipette and transfer the liquid to a clean test tube), 
add water again, shake, and let separate. If you have diffi culty 
getting a clean phase boundary, add some sodium chloride. 
Pipette the organic, dark green phase to a clean test tube.  

  Chromatography   Get a glass jar with a tightly fi tting lid (it 
is very important that it fi ts tightly). You may fi nd one in 
your home that has contained mayonnaise or some other 
food product. A suitable size is 150 mm high and 70 mm 
wide. Cut out a rectangular paper of a size that can produce 
a cylinder that fi ts inside the jar without touching the walls or 
the lid, but do not fold it into a cylinder yet. Avoid touching 
the paper with your fi ngers. 

 Pour into the jar a mixture of 90 % (v/v) petroleum ether 
and 10 % (v/v) acetone. You should have a layer about 10 mm 
deep at the bottom of the jar. Put on the lid. 

 Use a Pasteur pipette to apply your pigment extract along 
a line parallel to and 15–20 mm from a side of the paper that 
will form the base of your cylinder. 

 The paper edge should rest on a test tube or glass rod or 
stick out over the edge of the lab bench, so it is free in the air 
(or put the paper in a book, with the edge sticking out). With 
some practice you will be able to produce a nice green line. 
You should let the tip of the pipette move quickly across the 
paper to avoid big blobs. Try not to scratch the paper with the 
tip of the pipette. If the extract is in light petroleum or hex-
ane, it will dry quickly, and you can in a short time repeat the 
application until you have quite a lot of pigment on the line. 
But do not apply so much that you clog the pores in the 
paper. 

 Now shape the paper into a cylinder with the green line 
at the bottom. Staple it together along the edges perpen-
dicular to the bottom edge in such a way that the edges do 
not touch (if they do, the liquid will rise in the paper in an 
irregular way). Open the jar briefl y and put down your 
paper cylinder, green line down. Put on the lid immediately 
to avoid liquid evaporating from the paper. Do not move the 
jar until you fi nish the experiment. Wait and enjoy the 
result! 

 This chromatography is mainly a liquid/liquid distribu-
tion of substances according to lipophily/hydrophily 
between the moving hydrocarbon and stationary water 
molecules hydrogen-bonded to the OH groups in the 
cellulose. 

 Within a few minutes you can see the pigments separat-
ing into several bands: A yellow band almost at the rising 
liquid front indicates carotenes. They do not stick to the 
water adsorbed on the paper because they contain only car-
bon and hydrogen. Next comes another yellow band, the 
oxygen- containing xanthophylls. Lower down follow chlo-
rophylls  a  and  b , in that order, because chlorophyll  a  has a 
lipophilic methyl group, whereas chlorophyll  b  has an alde-
hyde group.  

  Spectrophotometry   When the liquid front has almost 
reached the top of the paper after half an hour or so, take it 
out and let it dry. This experiment is easily done as a dem-
onstration during a lecture, in which case you can conclude 
it by cutting strips of the paper and sending them around in 
the audience for inspection. If it is done as a student experi-
ment, it can be concluded by determining the absorption 
spectra of the various pigments. If you have a handheld 
refl ection spectrophotometer such as the Colortron (see 
next section), or the device described in Chap.   25    , this can 
be done in a couple of minutes directly on the paper. 
Otherwise the chromatogram can be eluated with acetone. 
Cut out the strips with the various pigments. If you dip an 
end into acetone, the acetone will rise and carry all of the 
pigment with the front, so you can easily concentrate the 
pigment and dissolve it in a small amount of acetone. You 
will easily get a concentration high enough and of suffi -
cient volume for a standard spectrophotometer cuvette 
from a single chromatogram.   
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28.11      Light Acclimation of Leaves: 
The Xanthophyll Cycle 

 We have used a simple handheld refl ectance spectrophotom-
eter (Colortron and a later model, Colortron II) for a number 
of biological experiments. It has already been mentioned in 
connection to photoreactivation (Sect.   28.12    ) and spectro-
photometry of paper chromatograms (Sect.   28.10    ). These 
excellent and cheap (about US$ 1,000) instruments (origi-
nally marketed by Light Source, Inc.) are, unfortunately, no 
longer available. Other companies sell other instruments of a 
similar type that should also work. Such instruments can cer-
tainly also be used to evaluate complementary chromatic 
adaptation (Sect.   24.5    ), changes in skin color, changes in leaf 
color during senescence or nutrient defi ciency, and a large 
number of other experiments. A very simple but interesting 
experiment, relating to the light acclimation of leaves and the 
xanthophyll cycle, can also be carried out. 

28.11.1     Introduction to the Xanthophyll Cycle  

 We start with an introduction to the xanthophyll cycle 
(see also Sect.   16.9    ). 

 Daylight is highly variable, and the plant must be able to 
adjust to strong as well as weak light. When the rate of light 
absorption by the photosynthetic system exceeds the rate with 
which carbon dioxide can be assimilated, or other assimilatory 
reactions can be carried out, there is risk for damage to the 
plant. One thing that may happen when carbon dioxide cannot 
be reduced by the electrons transported through the electron 
transport chain is that  electrons  may end up on molecular oxy-
gen and reduce it to superoxide anion. The plant has superox-
ide dismutase to take care of this. However, the electron 
transport chain itself may be overloaded, so that the excitations 
in the pigment system cannot be used up for electron transport 
at all. What may then happen is that the  energy  is transferred to 
oxygen molecules, resulting in a form of excited oxygen called 
singlet oxygen (actually there is more than one kind of singlet 
oxygen). Singlet oxygen is very reactive and may cause dam-
age. The plant needs a way of disposing of excitation energy, 
but this should operate only when there is an excess. In weak 
light the plant needs all the energy it can collect. 

 One way for the plant to regulate the dissipation of excess 
energy absorbed by the photosynthetic system is by adjust-
ing the amount of violaxanthin and zeaxanthin through the 
reactions of the xanthophyll cycle. In this cycle, violaxanthin 
is converted to zeaxanthin via the intermediate  antheraxanthin, 
a reaction (so-called deepoxidation) catalyzed by the enzyme 
violaxanthin de-epoxidase. The reverse reaction (epoxida-
tion of zeaxanthin to violaxanthin) can also take place 
(Fig.  28.4 ). De-epoxidation takes place in strong light, epox-
idation in weak light or darkness.

   Both zeaxanthin and violaxanthin have long conjugated 
double-bond systems. The important difference between 
them is that the zeaxanthin molecule has a longer conjugated 
system (11 double bonds vs. 9 for violaxanthin). This causes 
the lowest excited state in the zeaxanthin molecule to be at a 
lower level than the lowest excited state of violaxanthin. It so 
happens that the lowest energy levels of the chlorophyll  a  
molecule are just between that of zeaxanthin and that of 
violaxanthin. 

 I must here introduce a small complication. If you do not 
understand this paragraph, do not worry, since it is not 
important for an understanding of the plant’s physiology. 
Xanthophylls, like zeaxanthin and violaxanthin, are yellow 
because they have energy levels low enough for blue light 
photons to be absorbed and excite them to an excited state. 
These energy levels cause the bands in the blue part of the 
absorption spectrum. Xanthophylls possess these energy 
levels because they have long conjugated bond systems. 
However, these are  not  the energy levels we are talking 
about in explaining the xanthophyll cycle. There are even 
lower energy levels, corresponding to red light. They do not, 
however, show up in the absorption spectra, because the 
transition to this state from the ground state is forbidden. 
Like most of quantum mechanics, we shall, as biologists 
specializing in another branch of science, just have to accept 
this. 

 Let’s now return to the main line of thought. Since the 
lowest excited state of violaxanthin is slightly higher than the 
lowest excited state of chlorophyll  a , energy from an excited 
violaxanthin molecule may be transferred to a chlorophyll  a  
molecule, provided it is close enough. In other words, vio-
laxanthin can act as an antenna pigment. 
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  Fig. 28.4    The xanthophyll cycle in higher plants (also called the vio-
laxanthin cycle). In some algae an analogous cycle with other carot-
enoids takes place       
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 Zeaxanthin, on the other hand, cannot act as an antenna 
pigment for chlorophyll  a , since its lowest energy level is 
lower than the lowest energy level of chlorophyll  a . On the 
contrary, it can accept energy from an excited chlorophyll  a  
molecule, provided it is close enough (Fig.  28.5 ).

   We are more accustomed to describing the photosynthetic 
pigments in terms of the positions of their absorption max-
ima than in terms of energy levels. This is OK as long as we 
remember that energy is inversely proportional to wave-
length. The reaction center pigment in photosystem I is 
referred to as P700, because its (long-wavelength) absorp-
tion peak is at 700 nm and that of photosystem II is called 
P680 for the corresponding reason. These wavelengths cor-
respond to energies of 1.77 and 1.82 eV, respectively. The 
antenna pigments have peaks at shorter wavelength, corre-
sponding to higher energy. This is the reason that energy can 
fl ow from antenna pigments to reaction centers, while some 
of the energy is degraded to heat, giving an overall positive 
entropy change. 

 The lowest energy level (1.89 eV) of violaxanthin corre-
sponds to 655 nm, allowing this pigment to donate energy to 

any pigment with an absorption peak at longer wavelength. 
This includes all forms of protein-bound chlorophyll  a . The 
lowest energy level (1.76 eV) of zeaxanthin corresponds to 
704 nm. It allows it to accept energy from any antenna chlo-
rophyll  a . 

 For the intermediate xanthophyll, antheraxanthin with ten 
conjugated double bonds, the lowest energy level corre-
sponds to 680 nm. It therefore can accept energy from pho-
tosystem II antenna pigments on the same terms as the 
reaction center, but donate energy to photosystem I. 

 The xanthophyll cycle can thus function as a safety valve 
for the photosynthetic system when it is overloaded with 
energy. The valve opens when zeaxanthin is formed from 
violaxanthin. The energy received by zeaxanthin is degraded 
to small quanta (heat), which is less dangerous than the large 
energy quanta that can break bonds and cause chemical 
reactions. 

 This is just half the truth, though. There are energy sinks 
other than zeaxanthin in the photosynthetic system. 
Violaxanthin has a third important function in addition to 
being an antenna pigment and a source of zeaxanthin. It is 
able to inactivate the other (not yet characterized) energy 
sinks. The xanthophyll cycle thus regulates the electron 
pumping by the photosystems in a threefold way. 

 Violaxanthin deepoxidase has a pH optimum of about 
fi ve, and it is likely that deepoxidation is activated by the 
proton uptake into the thylakoids that occurs in light, and the 
“trigger point” is the pH that is just a little bit lower than that 
required for ATP synthesis. 

 The acidifi cation of the thylakoids and the conversion of 
violaxanthin to zeaxanthin that take place when the plant is 
subjected to excess light cause secondary changes in the 
antenna pigments. The structure is changed, which can be 
seen as increased light-scattering power. This is a contribut-
ing factor to the signals that we shall monitor in our 
experiment. 

 The xanthophyll cycle pigments are present both in pho-
tosystem I and photosystem II antennas (chlorophyll  a / b - 
binding   proteins) and also dissolved in the thylakoid 
membrane lipid. In addition, violaxanthin occurs in the 
envelope membrane. All violaxanthin in the plant is not 
available to the deepoxidase, and the available fraction 
seems to increase with increasing reduction of the plasto-
quinone pool. This may be an important point for us who are 
interested in effects of UV-B radiation on plants. UV-B 
inhibits photosystem II more than photosystem I and thus 
presumably leads to a more oxidized plastoquinone pool, 
resulting in less substrate for the xanthophyll cycle. UV-B 
may also inhibit the deepoxidase, and both these changes 
may lead to a decrease in the ability of the plant to protect 
the photosystem against overloading by excess light. One of 
the experiments we can carry out is to look just at how UV-B 
affects the deepoxidation. 

Weak light
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acclimated

violaxanthin
energy levels
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  Fig. 28.5    Energy levels in violaxanthin, chlorophyll  a , and zeaxanthin. 
For violaxanthin the lowest excited state is higher, for zeaxanthin lower 
than the lowest (singlet) excited state in chlorophyll. The  arrows  show 
direction of energy transfer (Simplifi ed from Frank et al. ( 1994 ))       
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 The pool of xanthophylls that can participate in the xan-
thophyll cycle also increases when the plant prepares for the 
winter. There is a big need for safety valve function during 
the spring, when the plant may be subjected to strong light at 
the same time that the temperature is so low that carbon 
dioxide assimilation is impaired. The pool is larger in plants 
adapted or acclimated to strong light than in shade plants. 

 Finally, a different role has also been proposed for zea-
xanthin and the xanthophyll cycle: as a blue light-sensing 
system in stomatal regulation and phototropism.  

28.11.2     Experiment 

 Gamon et al. ( 1990 ) described a principle for sensing of the xan-
thophyll cycle state by monitoring refl ectance at 530 nm. The 
method described here employs the same principle. The advan-
tage with our variant is that it uses equipment that is cheap, 
battery operated, and portable. Although leaves picked from 
plants were used for the examples shown here, the method has 
potential of being nondestructive, as there seems to be nothing 
preventing measurements to be made on attached leaves. 

 A leaf is kept in darkness for at least 10 min. The refl ectance 
spectrum is then recorded. If a Colortron instrument is used, 
this simply means pressing the instrument, connected to a 
Macintosh or PC with the appropriate software running, against 
the leaf. In a few seconds the spectrum from 390 to 700 nm is 
then automatically stored in the computer, using the two lamps 
built into the instrument as light sources. We have built a sim-
ple leaf holder, so a leaf can be placed in front of the instrument 
in a repeatable way. After the fi rst spectrum is stored, the leaf is 
exposed to strong light (PAR) for 0.5–7 min, and the spectrum 
again recorded. The spectra can be viewed with the original 
software, but in this case they are best transferred to another 
program (we have used CricketGraph III or KaleidaGraph for 
the purpose; see Figs.  28.6  and  28.7 ), in which the light–dark 
difference spectra can be computed and displayed; Excel can of 
course also be used. An alternative is to not follow the direc-
tions for calibrating the spectrophotometer using the “100 % 
refl ectance standard” supplied, but to use the dark-adapted leaf 
as reference, against which the illuminated leaf is compared. 
One can easily investigate the kinetics using a series of irradia-
tions. Best (Figs.  28.6  and  28.7 ) is to plot the logarithm of the 
ratio of refl ectances in order to have an analogue to the absor-
bance used in transmission measurements.

    The result of this experiment is that the refl ectance in the 
green region, especially near 530 nm, is decreased by the 
radiation. This change is caused by conversion of violaxan-
thin to zeaxanthin, which causes rearrangements in the thyla-
koid membranes with concomitant changes in light scattering. 
One can also see an apparent refl ectance decrease in the red 

region. This, however, is not a true refl ectance decrease, but 
signals the quenching of fl uorescence associated with it. 

 This measurement is in principle similar to that explored 
by Gamon et al. ( 1990 ) as a method for remote sensing of 
photosynthetic effi ciency of plants and later in more detail 
by Gamon et al. ( 1992 ,  1997 ), Gamon and Surfus ( 1999 ), 
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Penuelas et al. ( 1995 ,  1997 ), Filella et al. ( 1996 ), Nichol et al 
( 2000 ), and Barton and North ( 2001 ). 

 I have also successfully adapted the home-built spectro-
photometer (Chap.   29    ) for this experiment, using a green 
light laser pointer as source for actinic and fl uorescence exci-
tation light and for refl ectance measurement. The modifi ed 
spectrophotometer and experiments with it have been 
described by Björn and Li ( 2013 ).   

28.12     Ultraviolet Radiation Damage 
and Its Photoreactivation 

 This exercise can be carried out as a demonstration, but is 
recommended as a practical for students. In its simplest form 
it is a direct repeat of the classical fi rst demonstration of pho-
toreactivation by Hausser and Oehmcke ( 1933 ) and is evalu-
ated visually. With relatively cheap equipment, also useful 
for other experiments, it can be evaluated quantitatively. 

 You will need a low-pressure (germicidal) mercury lamp, 
a strong lamp, preferably medium-pressure mercury with 
fl uorescent coating (or other lamp with suffi cient emission in 
the blue and UV-A) for photoreactivating light; a big jar or 
(preferably) small plastic aquarium; and a few unripe (green) 
bananas. You should also have goggles for protecting your 
eyes from the UV-C radiation from the mercury lamp. 

 Mount the germicidal lamp so you can irradiate the 
bananas at a distance of about 20–30 cm (not critical, but suit-
able exposure times vary with distance). Mount the photore-
activation lamp with the aquarium below it, and some space 
below the aquarium. The bananas can be irradiated for photo-
reactivation in the space below the aquarium. The purpose of 
the aquarium (which should be fi lled with clear water) is to 
remove infrared radiation and avoid heating of the bananas by 
the strong lamp. If you fi nd it more convenient, it is also pos-
sible to mount the bananas in the water in the aquarium, but 
there should be at least 10 cm of water above them. 

 If green bananas are exposed to the bactericidal radiation 
(mainly 253.7 nm) only (about 1–2 min, but depending on 
the lamp, the distance, and the bananas), and then left to 
ripen during a couple of days at room temperature, they will 
turn brown instead of yellow. If they are exposed to photore-
activating light (15–60 min required depending on lamp,    and 
distance) immediately after the ultraviolet radiation, the 
browning is prevented, and they will turn yellow during rip-
ening. You can use, e.g., aluminum foil to shade different 
parts of the banana during exposure, and so expose different 
parts for different times, and get many combinations of dam-
aging and reactivating exposures on the same banana. The 
result can be evaluated visually or by refl ectance spectropho-
tometry (Figs.  28.8  and  28.9 ) or photographically.
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    A simple spectrophotometer for refl ectance measure-
ments, such as Colortron (see Sect.  28.11 ), can be used to 
evaluate “color changes” (or more correctly: refl ectance 
changes) quantitatively. You can also adapt a spectropho-
tometer intended for transmission measurements by attach-
ing a Y-shaped light conductor to it. One arm of the 
conductor picks up light from the monochromator, the other 
arm delivers it to the photomultiplier, and the base of the Y 
is placed at a distance of about 5 mm from the banana. Light 
conductors of this kind can be obtained, e.g., from Oriel. It 
is best to plot the logarithm of the refl ectance of the sample 
relative to a white standard (Figs.  28.8  and  28.9 ), but the 
easiest way is to photograph the banana with a digital cam-
era under standardized illumination conditions, and then 
evaluate the picture with a program for image analyzes such 
as Image J.  

28.13     Ultraviolet Damage 
to Microorganisms 

 Any actively swimming microorganism can be used to repeat 
in a simplifi ed form Hertel’s ( 1905 ) classical experiment, 
using UV-C radiation (254 nm) from a germicidal lamp to 
stop the movement. Note that a visible effect takes time to 
develop, so it is in many cases suffi cient to irradiate for a 
minute, and then wait. (Take care to protect your eyes!) We 
have used  Euglena gracilis  for the purpose. In addition to 
stopping the movement, the radiation causes this organism to 
change shape, and with suffi cient radiation the color will 
also eventually change from green to yellow. This is a very 
simple experiment to carry around if you are a “traveling 
teacher,” as I have sometimes been. See also Delpech ( 2001 ) 
and either Valenzeno et al. ( 1991 ) or Smith ( 1977 ). Another 
educational photoreactivation experiment is described by 
Delpech ( 2001 ).  

28.14     Photomorphogenesis in Plants 
and Related Topics 

 For those readers who know German, I recommend the book 
by Schopfer ( 1970 ), in which a number of class experiments 
on plant photomorphogenesis are described in detail. I do 
myself have three favorite experiments, the fi rst two of which 
are in principle similar to experiments in Schopfer’s book. 
Many experiments, such as basic observations on phototro-
pism, solar tracking leaves, phototaxis, etc., are so simple 
that they do not need to be described here. For those who feel 
they need some guidance, see Valenzeno et al. ( 1991 ) for 
phototropism and phototaxis and Vogelmann and Björn 
( 1983 ) for sun tracking. 

28.14.1     Photomorphogenesis of Bean Plants 

 Prepare sources for red and far-red light as follows. For red 
light, wrap a red fl uorescent lamp in red cellulose acetate 
fi lm to remove traces of blue light. If you cannot obtain a red 
fl uorescent lamp, use a white one with red acetate fi lm. For 
far-red light, use an incandescent lamp (25–40 W) behind 
one layer (3 mm) of red and one layer (3 mm) of blue 
Plexiglass (many other colored plastic fi lters will also work). 
You can use a standard photographic darkroom lamp in 
which you change the fi lter for the far-red irradiation, or you 
can build your own lamp and fi lter holder; just make sure that 
only far-red light escapes to your experimental darkroom or 
cabinet. Do not leave the incandescent lamp on when not in 
use, since it gives off heat which may damage the fi lter. 

 Soak red beans ( Phaseolus vulgaris ) overnight in water, 
peel off the seed coats, and sow in (at least) fi ve pots with soil 
(or sow seeds directly without soaking and peeling, although 
the result will be more variable then). Place one pot in a green-
house or other suitable place where the plants can continue 
development under normal light conditions. Put the other pots 
in a completely dark place, where you can inspect them using 
dim green light from a green fl uorescent lamp (preferably 
wrapped in green or yellow cellulose acetate fi lm to remove 
traces of blue light), and water when necessary (not too much, 
which may result in mold development). Do not unnecessarily 
expose the plants even to the green safelight. It is not ideal to 
use an incandescent lamp with a green fi lter as safelight, since 
it will emit a lot of far-red light, to which the plants are sensi-
tive, even if you do not see it yourself. When the seedlings have 
reached a few cm in height, expose one pot to red, one pot to far 
red, one pot to red followed by far-red light, and keep one pot 
as dark control. Each exposure should be for 10 min. Let all 
bean plants continue their development in darkness, except that 
you repeat the light treatments on each of the two following 
days. After the 3 days of light treatment, let the plants develop 
for two more days, after which they can be inspected in full 
room light and compare the plumular hook angles (Withrow 
et al.  1957 ) and the pigmentation. As a variant, you can do a 
similar experiment with peas (Björn and Virgin  1958 ).  

28.14.2     Regulation of Seed Germination 
by Phytochrome 

 The red and far-red light sources for this experiment can be 
the same as in the bean plant experiment. As plant material 
most educators have used lettuce seeds of a variety called 
Grand Rapids, available from many sources (see the Web). 
However, even different lots of seeds obtained from a particu-
lar source do not react uniformly, depending on temperature 
prehistory and other factors (Frankland and Taylorson  1983 ;
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 Cone and Kendrick  1986 ). If you fi nd that seeds germinate 
independently of light treatment, try one of the following 
pretreatments:
    1.    Hydrate the seeds in the dark, expose them for 10 min to 

far-red light, and dry them again for class use (recommen-
dation by John Hoddinott, University of Alberta).   

   2.    Try doing the experiment at a high temperature (25–
28 °C) rather than normal room temperature (recommen-
dation by Brad Goodner, University of Richmond). When 
you have got a good lot, keep it in a closed container in 
your freezer for future use, preferably in small portions, 
so you do not have to refreeze.     
 The above advice was found on an Internet chat site at 

  http://www.clemson    . edu/biolab/phyt.html. One participant 
(Jon Monroe), who points out that Grand Rapids is no longer 
as good for the experiment as it used to be, because suppliers 
treat the seeds to ensure complete germination, used seeds 
from the Harris Seed Company (  http://commercial.harris-
seeds.com/    ), while Ross Koning at Eastern Connecticut State 
University recommends “Salad Bowl” lettuce from Agway 
(  http://www.seedway.com/catalog    ). Dan Tennessen at Cornell 
University suggests trying seeds of  Poa pratensis  (bluegrass) 
and  Lepidium virginianum  (peppergrass). For the experiment, 
cover the bottoms of 12 small petri dishes with a double layer 
of fi lter paper, and cut to size so it is fl at on the bottom. Pour 
distilled water into the dishes and pour it off again, so the 
paper is moist but no longer dripping. Place 50 seeds in rows 
in each dish. Cover the dishes with aluminum foil. After let-
ting the seeds imbibe for 1–3 h in the dark, irradiate with your 
red (R) and far red (FR) as follows: each time for 5 min, or 
leave as dark control. Do duplicates of each treatment. 

 Irradiation sequences: R, FR, R + FR, R + FR + R, R + FR 
+ R + FR. 

 Leave in complete darkness (wrapped in aluminum foil) 
for 2 days, and then evaluate the result. 

 As an alternative to seeds, fern spores can be used for a 
red/far-red germination experiment. The procedure for pre-
paring and sowing spores described in the next experiment 
can be used for this.  

28.14.3     Effects of Blue and Red Light on 
Development of Fern Prothallia 

  Collection of Fern Spores   When fern spores are about to be 
released (late August in northern Europe), collect spore-
bearing leaves and put them on a white paper, sporangia side 
down. Haupt and Björn ( 1987 ) used  Dryopteris fi lix - mas , but 
some other species should also work. After a couple of days, 
most spores have fallen out on the paper and form a beautiful 
imprint of the leaf. By holding the paper at a slight angle and 

gently tapping it, it is easy to separate spores from empty 
sporangia and other debris. This is easily done manually, but 
if you like gadgets you can use the handle of an electric 
toothbrush to vibrate the paper.  

  Nutrient Medium. (according to Etzold  1965 , amounts 
in g/l)   NH 4 NO 3  (0.2), K 2 HPO 4  (0.1), MgSO 4 ·7H 2 O (0.1), 
and CaCl 2 ·2H 2 O (0.1); add a couple of drops of a solution of 
FeCl 3  (1 % w/w) per liter. Adjust pH to 6.0–6.3 with HCl. 
Add 5 g of agar per liter and heat to dissolve the agar. Transfer 
the medium to Erlenmeyer fl asks, plug with cotton, and auto-
clave for 10 min at 1 atm overpressure. Let cool to about 
40 °C, and pour the medium into sterile 9-cm plastic petri 
dishes. The dishes can be stored in the dark at 5 °C until use.  

  Sterilization and Sowing of Spores   Pour a few (about 20) 
drops of dilute (5 % w/v) sodium hypochlorite solution (or 
corresponding concentration of commercial bleach) into a 
small glass cup. Put a small amount of spores (as much as the 
outermost mm of the tip of a knife or spatula can hold) on 
the solution, and stir with a glass rod until all spores are in 
the solution. After 3–4 min you can start to sow your petri 
plates with the suspension using a sterile inoculation loop. 
Put the loop under the spores and lift, so you get a drop with 
spores in the loop. Streak out the drop on a plate, and repeat 
with more plates (you need at least four plates). The spores 
can remain in the hypochlorite solution for some time with-
out being damaged. After transfer to the agar, the hypochlo-
rite will be suffi ciently diluted and need not be removed.  

  Irradiation and Development   Put two plates under blue 
light and two under red light (best to use colored fl uorescent 
lamps, but white fl uorescent lamps with colored cellulose 
acetate fi lm will probably also work well). After about 6 days 
the spores should have germinated. Study the development 
for 1 week. When you see that the prothallia have started to 
grow, you can transfer one plate from red light to blue light 
and one from blue light to red light. Under red light the pro-
thallia will grow as fi laments, under blue light as plates. 

 If you run a dark control, you will fi nd that the spores do 
not germinate. You can do red/far-red reversion experiments 
as on the seeds in the previous experiment.    

28.15     Spectrophotometric Studies 
of Phytochrome In Vivo 

 Photobiology practicals in our own photobiology courses 
have included purifi cation of phytochrome and in vitro 
experiments with the purifi ed phytochrome, but this may be 
too laborious to set up in a laboratory not doing research on 
phytochrome. The following is a simple experiment to carry 
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through, but requires a good dual wavelength spectropho-
tometer such as Aminco DW-2. It may be possible to adapt 
the experiment for an ordinary double-beam single- 
wavelength computerized spectrophotometer of good qual-
ity, but I have not tried this. 

 The aim of the experiment is to demonstrate spectropho-
tometrically the in vivo transformations between the red- 
absorbing ( P  r ) and far-red-absorbing ( P  fr ) forms of 
phytochrome:  P  r  ==> P  fr  (under red light) and  P  fr  ==> P  r  
(under far-red light). 

  Plant Material   Oats or wheat is sown in moist vermiculite 
(mica) in plastic or metal trays (a total of 0.25 m 2  required). 
The trays are incubated in complete darkness at 20–25 °C for 
about 4 days. When the seedlings have emerged, and prefer-
ably before the leaves have broken through the coleoptiles, 
the shoots are harvested. Harvesting and the following 
manipulations should be carried out using dim green work-
ing light. About 50 plants are required for an experiment.  

  Sample Preparation   The coleoptiles are cut open so the 
leaves in them can be removed. This procedure is rather 
time-consuming and not absolutely necessary if you just 
want to demonstrate the presence of phytochrome. For quan-
titative experiments it is of advantage to get rid of the leaves, 
which are rich in protochlorophyllide. This is also photocon-
vertible, which obscures the phytochrome signal. 

 The coleoptiles are collected in a petri dish with water, so 
they do not dry out. When you have enough coleoptiles, 
arrange them in a bundle which you cut across with a razor 
or scalpel in the middle to get two bundles with a sharp 
delimitation. Join them with the cut ends in the same direc-
tion, and press them into a water-fi lled spectrophotometer 
cuvette in such a way that you avoid air bubbles between the 
coleoptiles. There is no need to crush an expensive cuvette 
trying to squeeze in the coleoptiles; you might as well use a 
cheap plastic one. We have also with good results used small 
round glass test tubes, which fi t the cuvette holder of the 
spectrophotometer.  

  Measurement   Switch the spectrophotometer to dual-wave-
length mode, and set the monochromators to measure the 
absorbance  difference between 660 and 730 nm (or, prefer-
ably, between 660 and 800 nm in one series of measurement 
and 730 and 800 nm in another series of experiments). If you 
have not removed the leaves, it is best to focus on measuring 
the  P  fr  changes only by recording the absorbance difference 
between 730 and 800 nm. Using the Aminco DW-2 and 
DW-2a spectrophotometers, we have set full scale to 0.01 
absorbance units and the damping to medium. 

 After taking a reading, irradiate the sample with strong 
red light for one minute and take a new reading. Then do 

the same with far-red light and take a new reading. If this 
works you can continue the experiments in a variety of 
ways, studying reaction kinetics and action spectra, for 
instance. We have also let students take coleoptiles out-
side to different environments, above and below tree can-
opies, etc., and then bring the coleoptiles back to the 
laboratory (on ice) for evaluation of the phytochrome 
state. 

 The phytochrome-transforming irradiation can either be 
carried out with the sample cuvette still in the spectropho-
tometer, using a xenon lamp–monochromator combination, 
or after removal from the spectrophotometer. In the former 
case, the photomultiplier should be protected with a piece of 
sheet metal during irradiation, and if the spectrophotometer 
does not switch the photo-multiplier voltage off automati-
cally, this should be done manually. In the latter case, we 
have used light sources similar to those used for photomor-
phogenesis and germination experiments. In this case it is 
important to handle the cuvette carefully so the coleoptiles or 
any air bubble present does not change position, so as not to 
touch the places where the measuring beam is to enter and 
exit and to put the cuvette back with the original 
orientation. 

 As an alternative to coleoptiles, the epicotyls (internodes 
between cotyledons and fi rst two leaves) of dark-grown pea 
plants serve very well. This circumvents the time-consuming 
task of removing leaves.   

28.16     Bioluminescence 

28.16.1     Firefl ies 

 If you do not have bioluminescent insects where you live, 
or if the season is not the right one, you can buy dried fi re-
fl ies from one of several suppliers, such as Sigma Chemical 
Co. (St. Louis, MO) or Worthington Chemical Corp. 
(Freehold, NJ). The simplest experiment you can do is to 
wet the abdomen of such a dead insect with ATP solution 
(dissolve 10 mg ATP in 10 ml 0.1 M phosphate buffer, 
pH 7.6, containing 1 mM MgCl 2 ) and watch it glow. If you 
remove oxygen by fl ushing with nitrogen, the glow disap-
pears. Other experiments can be carried out with extracts of 
the fi refl ies containing luciferin and luciferase. For extrac-
tion of the fi refl ies in a mortar with sand, use a solution of 
0.4 g glycine and 0.1 g ammonium bicarbonate in 100 ml 
distilled water. You can also buy ready-made, dried fi refl y 
extract, which only needs reconstitution with water. If you 
can get living bioluminescent insects, it would be interest-
ing to try repeating the new observation of the role of nitro-
gen monoxide (Trimmer et al.  2001 ), but I have not done 
this myself.  
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28.16.2     Bacteria 

 A culture of luminescent  Photobacterium phosphoreum  can 
be purchased from a culture collection, such as the American 
Type Culture Collection (  http://www.atcc.org    ), but the cost is 
considerable. It is, however, not very diffi cult to get lumines-
cent bacteria to grow on old decaying fi sh (if you can stand 
the smell), preferably fi sh from the sea (Lee  1977 ,  1991 ).   

28.17     Miscellaneous Teaching Experiments 
and Demonstrations 

 Here are a few ideas which I have not tried myself, but which 
appear worth exploring:
    1.    Gelatin optics. Many interactions between light and mat-

ter can be demonstrated using gelatin. Knotts ( 1996 ) has 
published a rather detailed description, and variations of 
this are available from various Internet sites—search, for 
instance, for “gelatin optics” or “edible optics” or “optics 
fun with gelatin.” The main thing to remember is that the 
gelatin gel should be prepared three times more concen-
trated as most cooking recipes require. From such gels 
you can prepare lenses, prisms, and fi beroptics. 
Demonstrations of refraction and refl ection (including 
total refl ection) can be carried out using a laser pointer as 
light source. The slight scattering in the gel makes the 
light rays visible. Knotts ( 1998 ) reviewed several books 
for elementary optics experimentation.   

   2.    Optical tweezers for students are described by Smith 
et al. ( 1999 ).   

   3.    Quantum dots. Several student experiments for production 
of quantum dots by the wet method have been worked out, 
both for CdS and for CdSe quantum dots (Kippeny et al. 
 2002 ; Boatman et al.  2005 ; Winkler et al.  2005 ). All of the 
methods involve dangerous chemicals, and a qualifi ed 
chemist to lead the exercises is required, as well as proper 
disposal of chemicals. The method of Boatman, Lisensky, 
and Nordell for CdSe quantum dots is probably the safest.   

   4.    An exercise about the ozone layer is found at NASA’s 
site: “Ozone over your head,”    http://edmall.gsfc.nasa.
gov/inv99Project.Site/Pages/trl/inv3-1.html.                          
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29.1             Introduction 

 A spectrophotometer is a very useful instrument for many 
types of chemical and biological measurements. The most 
common types are designed for measuring light absorption 
in solutions, but there are also spectrophotometers with 
which you can take measurements on living tissues or even 
single cells, and there are refl ectance spectrophotometers for 
measurements on surfaces and many other special types. 
A common property is that they are expensive. Here we shall 
see that it is easy to build a low-cost spectrophotometer. It is 
not a precision instrument, but it is suffi cient for many dem-
onstrations and teaching experiments. It is an elaboration of 
a design for a spectroscope described by Wakabayashi and 
Hamada ( 2006 ). 

 A spectrophotometer has the following main parts: a 
lamp, a dispersing element (usually a refl ecting grating; see 
Chap.   3    ) that divides the light into spectral components, a 
place to put the sample, a light detector, and some device for 
reading or recording the result. In addition, there is usually a 
number of lenses and mirrors. The most expensive parts are 
the grating and the light detector; the recording system may 
also be expensive. 

 A refl ecting grating is a mirror with many fi ne parallel 
grooves ruled into it. For our low-cost spectrophotometer, 
we shall use a DVD as a grating. Perhaps you have an old 
one with a movie that you have seen enough of. It is all right 
if it is scratched and useless for watching your movie, if it is 
just OK in a small sector, because that is all we will use. 
Otherwise you will have to buy a movie DVD, and if so this 
may be your major investment in the project. Some of the 
DVDs (DVD-R or DVD-RW) that you buy for making your 
own recording are not suitable because they have a lacquer 

that will show up as a dark band in the red region of the 
 spectrum. Some other types of DVDs are also unsuitable. 
Check that the refl ection from the DVD does not look col-
ored (except for the rainbow type refl ection you see in some 
directions). CDs can be used with modifi cations of the pres-
ent description, but give much lower resolution, since they 
have only 625 grooves per mm, as compared to 1,350 grooves 
per mm for a DVD. A CD also has to be mounted in a slightly 
different way from a DVD. 

 You might already have the other expensive component 
of your spectrophotometer, the light detector, because for 
this we shall use a digital camera. It does not have to be a 
very fancy type. The one that I have used (Fujifi lm F601 
Zoom) has only three megapixels, which is considered 
little nowadays. I do not even use the highest resolution of 
6 Mb per picture, but only half of that, to save computer 
memory. Even this gives me a nominal spectral resolution 
of 3.515 pixels per nm, which is much better than what the 
primitive optics allows me to take full advantage of any-
way. But the camera should allow for manual exposure, so 
that it does not automatically set stop and/or exposure 
time. 

 A third component that could be expensive is the record-
ing system, and for this we shall use a personal computer, 
which you probably already own or have access to.  

29.2     Construction 

 Start by making a cardboard box according to Fig.  29.1 . 
When the box is fi nished and the glue has dried, you can 
insert the DVD in the slot, ruled side up. Push it right into the 
corner of the box (part of it will stick out, and if you wish 
you can cut that part away). To reduce stray light, one poten-
tial problem, a mask of black paper should be put on top of 
the DVD to leave uncovered only that part which we wish to 
use optically. Figure  29.2  shows a template of the mask.

    On a piece of plywood or other board, assemble the card-
board box, a suitable lamp (I use a quartz-iodine lamp with 
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built-in “cold mirror,” i.e., a mirror which lets infrared 
 radiation through but refl ects visible light) and your camera. 
To get the proper height relations between my lamp and the 
cardboard box, I put two extra plywood pieces and an alumi-
num sheet between the box and the baseboard. I let a little of 
the aluminum sheet protrude in front of the plywood support 
and made a hole in it for a screw that fi xed the camera. I also 
mounted a sheet of brass with a hole in it to screen out 
unwanted light from the lamp and covered the box, including 
the protruding part of the DVD with duct tape. The card-
board box and the completed assembly are shown in 
Figs.  29.3  and  29.4 .

29.3         Calibration of Wavelength Scale 

 The most convenient way to calibrate the wavelength scale is 
to use a mercury lamp. Just remove the ordinary lamp, and 
point the slit toward a mercury lamp; a streetlamp may do. 
(The fi rst time I went outdoors and pointed my strange gad-
get toward a streetlamp, a lady passing by, worried about my 
mental health, asked whether I was all right or needed help.) 
Figure  29.5  shows to the left part of the picture obtained in 
this way. With more exposure it is also possible to show 
weaker emission lines, but then the closer lines, like 577 and 
579 nm, can no longer be resolved.

   For quantitative work with spectra, a computer program, 
ImageJ, is available for download without charge from the 
Internet. To download it, go to   http://rsb.info.nih.gov/ij/    , where 
you can read some general information, and then click on 
“download” to get to   http://rsb.info.nih.gov/ij/download.html    , 
where you can download ImageJ for your particular computer 
platform. In the following I shall show how to use the Macintosh 
OS-X version, but it is probably no different with another com-
puter. The program was written for another purpose, and I got 
the idea of using it for spectral analysis from Kohl et al. ( 2006 ). 

 The fi rst thing I see when I load a picture from the camera 
into the ImageJ program is the color picture with the spec-
trum. In the example shown in Fig.  29.5 , I used a UV-B lamp 
(Philips TL12 fl uorescent lamp with mercury lines). In this 
case I also captured the violet mercury line (404.7 nm), but 
due to overexposure the two yellow lines (577 and 579 nm) 
are not separated. The red lines are not visible, probably 
because the mercury vapor in this lamp has a lower pressure 
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  Fig. 29.1    Construction of the light-dispersing unit box 
 (spectroscope) of the spectrophotometer. Measures are given in mm. 
The best material to use is black cardboard. If you use another card-
board, paint the inside of the box with black paint that is as dull as 
possible. In one trial I used a black marker pen which worked, but 
this is not ideal since it results in a surface that is a little shiny. The 

rectangle marked “viewing window” should be cut out, as well as a 
slot for insertion of the DVD and a 10 mm by 0.5 mm entrance slit. 
In this fi gure a slot for a CD is also indicated, but if you are going to 
use only a DVD (recommended), do not cut out this slot since it may 
lead to stray light problems (From Wakabayashi and Hamada  2006 , 
with permission)       
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  Fig. 29.2    Dimensions of the black paper mask to cover the DVD. The 
whole paper is 120 mm by 100 mm, the hole 10 mm by 20 mm, at a 
distance of 10 mm from the edge of the paper       
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than in the street lamp. That the violet line did not appear in 
the spectrum of the street lamp is probably due to absorption 
in the weatherproof cover of that lamp. The blue to the far 
right in the spectrum is the second order of the 404.7-nm 
line, with a position corresponding to 2 × 404.7 nm = 809 nm 
in the fi rst-order spectrum. Also, this value can be used for 
the wavelength calibration. 

 Moving the cursor over the picture with the mouse button 
down, you can select a rectangle in the picture delimiting the 
area you wish to analyze. In doing so, select a part of the 
spectrum which is central in a vertical direction, so you avoid 
including too much of the curvature of the lines. Also be 
careful to include everything in the horizontal direction, so 
you start with the leftmost line of pixels and end with the 
rightmost one. Otherwise it will not be possible to compare 
different spectra. The next thing to do is to pull down the 
menu under “Analyze” and select “Plot profi le” (Figs.  29.5  
and  29.6 ). Then the spectral plot of “gray value” versus 
“Distance (Pixels)” pops up.

   When you move the cursor over this picture, both the 
horizontal and vertical coordinates are displayed. If you 
position the cursor at the various peaks you see, you can read 
and note their horizontal pixel coordinates ( x  values). Since 
there are relatively few peaks in this spectrum, and you can 
see their colors in the color picture, it is not diffi cult to relate 
them to wavelength values for mercury found in a table. 
Enter the pixel numbers and their corresponding wavelengths 
in a table in Excel or a similar program. If you do not have 
one, you can download “Open Offi ce” without charge from 
the Internet. To the right in Fig.  29.6 , we have done this, pro-
duced a plot of the table in Excel, and added a linear trend 
line and a trend equation. It is this trend equation that you 
will use for calibrating the wavelength in other spectra. 

 As you can see, the wavelength calibration turns out to be 
surprisingly linear, considering the very simple optics used. 
The equation  y  = 2,864× + 233.72, with  x  as the pixel number 
and y as the wavelength in nm, is what you use to convert 

  Fig. 29.3    The fi nished cardboard box with DVD inserted, just before gluing on the lid ( left ), and the completed assembly ( right )       

  Fig. 29.4    The almost completed spectrophotometer with lamp 
switched on. You can see the spectrum displayed on the camera screen. 
The only thing that is lacking now is a sample. This should be placed 
between the brass screen and the entrance slit on the box, according to 
the nature of the sample. A plant leaf could be attached with Scotch tape 
directly over the entrance slit, while a cuvette with solution has to stand 
on some support or placed in a holder. Using the kind of lamp shown 
here, which turned out to be unnecessarily strong (20 W rating), the 
light should not be switched on too long to avoid heating the box too 
much (fi re risk)       
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  Fig. 29.5    Appearance of Macintosh computer screen during work with ImageJ for wavelength calibration using a mercury spectrum       

  Fig. 29.6    How to pull down the menu for selecting “Plot Profi le” and make a wavelength calibration table and calibration plot in Excel       
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pixel numbers in other spectra to wavelength in nm. The con-
stant term in the right member depends on the position of the 
camera. Since you may wish to use the camera for other 
purposes between calibration and other measurements, you 
must either devise some way of repositioning the camera 
exactly or use a trick to be described below. 

 Before we lose Fig.  29.5  from sight, I should explain that 
the table in the panel to the right is only the beginning of a 
2,047-line table of the complete spectral plot that you obtain 
by selecting “List” below the spectral plot. It is not necessary 
for the wavelength calibration, but we will soon use this 
facility for computations on measured spectra.  

29.4     Measurement and Manipulation 
of Spectra 

 We now come to the real measurements. Suppose we wish 
to measure the absorption spectrum of an acetone extract 
of a plant leaf. Before positioning the sample itself, we 
must take a reference spectrum of the lamp (the quartz-
iodine lamp shown in Figs.  29.4  and  29.5 , or whatever 
lamp we have chosen to use). If we wish to be careful, we 
can insert a cuvette with acetone in front of the entrance 
slit to get just the absorption of the plant constituents in the 
end. We then get a spectrum like the upper one shown in 
Fig.  29.7 . The lower spectrum is made with the plant 
extract in the cuvette.

   Initially follow the same procedure as for the wavelength 
calibration: open the picture in ImageJ, select the rectangular 
portion we wish to use, pull down the “Analyze” menu, and 
select “Plot Profi le.” Then choose “List” under the spectral 
plot, and display all the pixel positions of the spectral plot. 

The fi rst column in this is the horizontal pixel position, the 
second one the gray value, or more appropriately the bright-
ness of the corresponding portion of the spectrum. These 
values are then transferred to Excel or another spreadsheet 
program. Users of commas rather than periods in decimal 
numbers can easily change from one to the other by fi rst 
copying the values into Word, using the “replace all” facility 
of this program, and then copying the values into Excel. 
Using Word as an intermediate for changing “.” to “,” seems 
more reliable than changing directly in Excel. 

 In Excel, you can change the horizontal pixel positions to 
wavelength values using your calibration equation. Then you 
can divide the sample column by the reference column to get 
transmittance values, and you can take minus the logarithm 
of this to get the absorbance. We show the result of these 
manipulations in Fig.  29.11 . 

 A few more remarks relating to this measurement: in 
cases such as these, when you compare the brightness of two 
spectra, it is important to use the same camera stop and expo-
sure time values for the spectra to be compared. This means 
that you cannot use the camera’s facility for automatic expo-
sure. For the above measurement I used the least possible 
exposure, i.e., f/8 and 1/1,600 s exposure time. In some 
cases, if you have very dense samples to compare to a bright 
control spectrum, it might be better to use different settings, 
but you must then take this into account to get the correct 
absorbance value. 

 In order to be able to remove the camera between wave-
length calibration and measurement of a sample, and not 
have to reposition it very exactly, I used a special trick. It 
turned out that with my camera and the lamp I used, the ref-
erence spectrum without sample had several very easily rec-
ognizable and useful features, as shown in Fig.  29.8 .
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  Fig. 29.7    Reference spectrum without sample ( upper left ) and with 
plant leaf extract ( lower left ). To the right is shown the corresponding 
plot of the absorbance of a plant leaf extract in acetone. For the thin 
curve, all three camera color channels ( blue, green, and red ) were used. 
The bump at 580 nm is an artifact. It coincides with the steepest portion 

of the reference spectrum (the segment from C to D in Fig.   25.12    ), 
where the red channel takes over from the green one. If only the green 
channel is used for this region ( thick curve ), the bump disappears. See 
inset for a color version of the spectra       
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   One more facility of the ImageJ program may be useful in 
some cases. The color picture of the spectrum can be divided 
into RGB (red-green-blue) components, and each of these 
three pictures can be evaluated separately. In some cases, 
some parts of the spectrum can be over- or underexposed, 
and then it may still be possible to retrieve useful values by 
such a decomposition. 

 In Fig.  29.7 , a case is shown where a single color chan-
nel (the green channel) seems to give a better result in a 
certain spectral region than the three channels combined. 
One can also expect that using only one channel at a time 

will decrease the effect of scattered light. Such scattered 
light is a problem in spectrophotometry when measuring 
samples in spectral regions of high absorbance, when other 
regions have low absorbance. The left graph in Fig.  29.9  
gives an example of how using all the color channels in 
such a case gives lower absorption peaks than a single 
channel; in such cases one should use only a single chan-
nel. With a more dilute solution and lower absorbance 
(more favorable measurement  conditions), we do not have 
this effect (right graph). To perform a decomposition for 
selecting the correct channel, pull down the “Image” menu 

  Fig. 29.8    Appearance of my 
control spectrum without sample. 
Once the wavelengths for points 
A, B, C, D, and E have been 
determined, these points can be 
used to convert pixel positions to 
wavelength values without 
having to record a mercury 
spectrum every time       
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  Fig. 29.9    ( Left ) Absorption spectrum of the a and b band region of 
reduced cytochrome  c  (in phosphate buffer, pH 7, and reduced with 
dithionite) measured with all three color channels ( gray curve ) or the 
green channel only ( black curve ). The absorbance is too high for the 

spectrophotometer to cope with. ( Right ) The same, except more dilute 
solution of reduced cytochrome  c . There is a wavelength error of about 
4 nm (the literature value for the peak is 550 nm), which is about what 
one can expect       
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and choose “Color,” and in the menu that pops up, then 
choose “RGB Split.”

   It is also possible to use the same equipment for spectro-
fl uorimetry, using a different light source. I used a blue 
light- emitting diode, with emission centered at 469 nm and 
the same acetone extract as used for the absorption spec-
trum. This light did not interfere with the fl uorescence 
recording, but to get rid of the blue light signal completely, 
one can use only the red light channel for plotting the 
 fl uorescence. This also improves the signal-to-noise ratio 
considerably    (Figs.  29.10  and  29.11 ). My camera does not 
have a good sensitivity above 640 nm, so it is not particu-
larly good for this purpose. The red and infrared sensitivity 
differs between camera models. To test a camera for infra-
red sensitivity, you can use an infrared remote control, for 
instance, one used for TV. You should use a fi lter to block 

short-wave radiation from the second-order spectrum if you 
are particularly interested in the long-wavelength region.

    The best results were obtained with the sample very close 
to the slit. Since light-emitting diodes with a number of peak 
wavelengths are now available, it should also be possible to 
determine rough excitation spectra with this device and to 
analyze mixtures of fl uorescent substances. Using 532 nm 
excitation light from a “green” laser pointer, I have recorded 
light-induced fl uorescence and refl ectance changes in plant 
leaves.  

29.5     Suggestions for Further 
Experimentation 

 There are many experiments that one can perform with this 
simple equipment or simple modifi cations of it. With the 
lamp I used, it is a bit diffi cult to get proper exposure in the 
blue part of the spectrum. A more appropriate spectrum 
would probably be obtained from a photographic fl ashlight, 
but my camera lacks the possibility to synchronize an exter-
nal fl ash. Otherwise this could protect sensitive samples 
from excessive light, since the measurement light is required 
only for about a millisecond. 

    Many cameras can take a series of pictures in rapid suc-
cession. Using this it should be possible to study rapid spec-
tral changes, such as those that rhodopsin and phytochrome 
undergo upon illumination. If you wish to do such experi-
ments, you should equip your lamp (or sample compartment) 
with some kind of shutter, so that you start exposing your 
sample only when you start recording spectra. For showing 
spectra to a large auditorium, you can use a video camera 
instead of an ordinary digital camera. 

 Recording such spectra of scattering samples as plant leaves 
or yeast suspensions is more diffi cult than clear samples, 
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  Fig. 29.11    Blood diluted in oxygenated water (i.e., spectrum of oxy-
hemoglobin, thin lines) and after removal of oxygen with dithionite 
(i.e., spectrum of hemoglobin, thick lines). Either all three color chan-
nels were used ( gray lines ) or only the green channel ( black lines ), and 
we see here again the artifactual elevation at 585 nm when all channels 
are used (c.f. Fig.  29.7 ). With other digital cameras, other similar arti-
facts may occur at other wavelengths       
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  Fig. 29.10    Fluorescence of an acetone extract of a plant leaf excited by 
light from a blue light-emitting diode (469 nm). With such excitation 
most of the fl uorescence comes from chlorophyll  b . For the left panel 
all three color channels of the camera were used, for the right one the 
red channel only. The spectra are not corrected for wavelength depen-

dence of the camera sensitivity, and because of rapid decline of sensitiv-
ity above 640 nm, only the short-wavelength portion of the spectrum is 
visible. The easiest way for an amateur to make an approximative sen-
sitivity calibration would be to use the sun when it is high in the sky       
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because light is scattered in unwanted directions. However, it 
should be possible to record also spectra of such samples if you 
insert light baffl es of black paper or cardboard in the box, to 
prevent as much scattered light as  possible from reaching the 
DVD surface. There should be no risk that the measurement 
light is too weak, since the exposure time of the camera can be 
increased. Figure  29.12  shows an example of what can be mea-
sured without extra light baffl es. Note again the artifact near 
580 nm appearing when the red channel is included. Note that 
this graph does not show all light that penetrates through the 
leaf, only that which propagates in the direction of the camera 
(via the DVD). A better approximation of the total transmitted 
light can perhaps be obtained if a piece of fi lter paper or similar 
scattering, nonabsorbing material, is inserted between the leaf 
and the slit and also used for the reference measurement.

   Upon reduction, oxygenation, or pH changes, many sub-
stances, like cytochrome  c  and hemoglobin, undergo 
absorption changes that you should be able to observe (cer-
tainly in solution, and in some cases even in vivo). For a 
procedure for preparing a solution of cytochrome  c  from 
yeast, see the original paper by Keilin ( 1930 ), but you can 
scale it down at least ten times (i.e., extract 100 g or less of 
yeast instead of 1 kg). 

 If you are interested in computer programming, it should 
be possible to modify the ImageJ program so that spectra can 
be immediately displayed on the computer screen when a 
sample is put in place. Many “plug-ins” for ImageJ are 
already available in the public domain. 

 Some simple chemical experiments are suggested by 
Wakabayashi et al. ( 1998 ). Information about CDs and 
DVDs is provided by Birkett ( 2002 ). 

 If the slit of the apparatus is illuminated with sunlight or 
skylight, one can record some Fraunhofer absorption lines. 
I could catch lines for hydrogen (434, 486, and 656 nm), 
magnesium (517 nm), and sodium (589 nm) in the Sun and 
the molecular band of oxygen (688 nm) in the terrestrial 
atmosphere. A use of Fraunhofer lines in biological research 
is to measure chlorophyll fl uorescence from plants at these 
wavelengths, where disturbing daylight is very weak (Liu 
et al.  2005 , Corp et al.  2006 ). For satellite measurements 
only the lines from the solar atmosphere can be used. 

 An adaptation of the apparatus that allows the study of 
photochemical reactions in a living leaf has been published 
by Björn and Li ( 2013 ).     
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  Fig. 29.12    Transmission spectrum of a leaf of  Abutilon hybridum . 
This leaf is neither very thin nor very thick. All three color channels 
were used for the range 450–700 nm ( black line ), and from 450 to 580 
the spectrum was also recorded using blue and green channels only. 
The two methods deviate in the 450–470-nm and the 570–580-nm 
bands. An exposure time of 1/1,600 s was used for the reference and 
1/2 s for the sample, in both cases with stop 8. No extra light baffl es 
were used       
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