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I started my first photobiological research project in the spring of 1957. My scientific 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 first 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 first 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 final 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 scientific 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 find 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, first 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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vi

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 Bjorn 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
floor 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 files of chapters from the second edition from the publisher.

Lund, Sweden Lars Olof Bjorn
March 2014

Preface
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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 flying by.

(Drawing by Per Nilsson)

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 flight

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. Bjorn 2002
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Lars Olof Bjorn

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 inferference 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

L.O. Bjorn
School of Life Science, South China Normal University,
Guangzhou, China

Department of Biology, Lund University, Lund, Sweden
e-mail: Lars_Olof.Bjorn@biol.lu.se

L.O. Bjorn (ed.), Photobiology: The Science of Light and Life,

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

7 \

)

Fig. 1.1 (Zop) 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

DOI 10.1007/978-1-4939-1468-5_1, © Springer Science+Business Media New York 2015
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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 pm).
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

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 a 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 @ = n-1, where d is the
distance between the slits, 4 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 a = (n+ 1/2)-1. 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
aresult is shown in Fig. 1.2.

L.O. Bjérn

a
Laser
Photomultiplier
with housing
moving up and
down
Screen
with slits
b
100
500
e
5‘000 : ?5%%;5
Dl
] e
10,000 o
35,000

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

So far so good—Iight 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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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 rwo 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 (Cy) 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  Lightas 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~ m), while

3

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 I’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 ¢ and wave-
length A (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 v (Greek letter nu), and in a vacuum we
have the following relation between the three quantities
just introduced: ¢ = A-v, or 1 = c/v, or v = ¢/A. 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., 1/4, is used for the characterization of light. It is
usually symbolized by v with a line (bar) over it, and a
common unit is cm™.

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-v,
where h is Planck’s constant, 6.62617636 J-s (joule-seconds).
It also follows from the preceding that E = h-c/A. We can
never know the exact wavelength, frequency, or energy of a
single photon.
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Fig. 1.4 Diffraction pattern in a single slit (the pattern from a round
hole looks similar but is slightly different)

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

L.O. Bjérn

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

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 alight 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
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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).

Statistics of Photon Emission
and Absorption

1.6

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 At is x, then the
probability of getting exactly n events in the time Af is
p=e*-x"/n!. In this formula, n! stands for factorial n, i.e.,
1.234....n. Thus 1! =1,2! =2, 31 =6, 4! =24, and so on.
By definition 0! = 1.

We are familiar with the Poisson distribution of events from
listening to a Geiger—Miiller 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
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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!/1!=x/e*. The curve for n=2 follows the for-
mula p=1-¢*-x!/1!—e*-x%2!, the curve for n=3 follows
the formulap=1—-e>-x'/1!—e>*-x¥2!-e*-x*/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
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Fig.1.6 The probability that at least a certain number (1) of absorption
events will occur during a sampling time plotted against the logarithm
of the average number of events that would occur during a large number
of similar samplings. It is seen that the shape of the curves depends on
the value of n. If at least n absorption events are necessary for inducing
a process, one can determine the number 7 by plotting the frequency of
successful inductions against the logarithm of fluence and compare the
shape of the curve obtained with the above diagram

movement of the particles in condensed matter (solids, lig-
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 /v, where v stands for
frequency (which is also the velocity of light divided by the
wavelength) and h is a constant, Planck’s constant =
6.62620-107 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).

L.O. Bjérn
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Fig. 1.7 Blackbody radiation (5,000 K) plotted as photons per wave-
length interval and as energy per wavelength interval

Energy density per frequency interval = (87rh /e ) ey (ehv”‘T - 1)
Photon density per frequency interval = (871 / 03) v (e’”’/” - l)
Energy density per wavelength interval = 8zhc-17/ (e"”/” - 1)

Energy density per wavelength interval = 874~ / (eh””‘r - 1)

These functions are mostly plotted with v or 4 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 v or 4 (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 T) and the total energy emission to the fourth power
(T%, Stefan—-Boltzmann’s law). Wien’s and Stefan—
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Fig. 1.8 Blackbody radiation plotted as power per wavelength interval
for different temperatures. Note that since the graphs show power (i.e.,
energy per time) per area and per wavelength interval, the dimension is
power per volume and the unit W/m?. The maximum of each curve is
indicated by a circle

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
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Fig. 1.9 Refraction of light in a plane interface between transparent
materials

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 n; and n,. Figure 1.9, in which we assume n,<n,,
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 n,;
(lower index, higher velocity) than in the medium with
refractive index n, (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.



As for the values of a and f 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 a is the angle of incidence (equal
to the angle of reflection) and f the angle of transmission (see
Fig. 1.9 in the section on refraction):

R//=|:tan(oz—[3)“3‘“(0‘Jrﬁ):'2
R+:[sin(a—ﬁ)/sin(a+ﬂ)]2

L.O. Bjérn

The reflected fraction of unpolarized light is the mean of
the two ratios. For normal incidence (a = f = 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:[(nl_nz)/(”1+n2)]2

As an example of use of the last equation, let us consider the
reflection in a glass plate (n,=1.5) in air (n,=1). When light
strikes the glass plate (perpendicularly), R=[(1-1.5)/(1+1.5)]*
=[-0.5/2.5]°=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 a < 90°, we find by division,
member by member, of the equations above that R// divided
by R+ is [cos(a—f)/(cos(a+ $)]°. 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 a = n,/n;, because none of the light polar-
ized parallel to the plane of incidence is reflected (Fig. 1.10).
The angle a = arctan (n,/n;) 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).
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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

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 1/4*.

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 I,) 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.



At depth x within the object, the irradiance (see Chap. 2 for
definitions of irradiance and other terms) will be I,=1,-¢™®,
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 7 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=1/[a+b-coth(bSd)]
T =b/[a-sinh(bSd)+b-cosh(bSd) |

a=(S+K)/S
b= (az_l)
L=1.T {(a+1)/b}-sinh{bS-(d - x)}

+cosh{bS-(d —x)}

L.O. Bjérn
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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™), scattering only
(linear scattering coefficient 5 cm™), and one with both absorption
(1 em™) and scattering (5 cm™). 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)

Here I, is the fluence rate incident from one side, and I,
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) = (e¥ —e7¥)/2;
cosh(y)=(e¥ +e7Y)/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 I,
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. 1.12 Decrease of fluence rate in layers of the indicated thickness
(in cm) of a purely scattering medium (no absorption); the linear scat-
tering coefficient is 5 cm™ in all cases. Note that the fluence rate
decreases more quickly in a thin scatterer because there is less back-
scatter of light

2. When S has a value similar to or higher than X, 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/n% where
nrepresents positive integers (1, 2, 3, ...). The possible energy
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Fig. 1.13 Spectrum of atomic hydrogen (computer simulation)

jumps are then proportional to the energy differences
1/n>~1/m?, where n=1, 2,3, ...and m =n + 1, n + 2, etc.
Since, according to the relationships E = hv and A = cv, the
energy (E) of a photon is inversely proportional to wavelength
(4), the wavelengths of light which can be absorbed or emit-
ted by a hydrogen atom are given by 1/4 = R-(1/n*~1/m?) (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™".

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 (Ha at
656 nm and Hp 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, Ha, HP3, 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 Ha 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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simplest example of such a molecule (if we disregard the
hydrogen molecular ion H,*) is the hydrogen molecule, H,.

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 (NV,, Ny) “occupying various energy states”
as the jargon goes, i.e., having various amounts of energy

(E, E,), is related to the energy differences between the
states by the formula N, / N, = B E)UT)

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.
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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 r2 and r.%,
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)

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
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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. 7; the left in the figure the sys-
tem of singlet states (S,, S;, 53, with only paired electrons), to the right
the system of triplet states (7', T, 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
(S,) does not take place easily, since an electron has to change spin. Thus
the 7 state (the lowest triplet state) is long-lived, and the radiative de-
excitation from 7 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 (O,) molecule
would, however, look radically different, since for this molecule the
lowest-lying level represents a triplet state

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 Jabtonski (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.
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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, B),, B,;, and A,;. If, in a certain radiation field of
energy density r(v) for the frequency (v), the number of mol-
ecules in the lower energy state is Ny, in the upper state N,,
then the probability of upward transitions is Bi,-p(v)-N;, and
the probability of downward stimulated transitions is
B,1-p(v)-N,, but there are also spontaneous downward transi-
tions with a probability A,;-N,. Because of the spontaneous
downward transitions, N, is generally much larger than N,.
When light intensity is increased more and more, N, gradu-
ally approaches N 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 /ight 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. 1.16 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 (N, or N,) of molecules from
which the transition takes place. Absorption and stimulated emission
are also proportional to the energy density, p(v), at the frequency (v),
which corresponds to the energy difference (AE = hv) 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., By, for
absorption, B,; for stimulated emission, and A,, for spontaneous emis-
sion. Einstein showed that B, = B,, and A, =B,,-8x-h*/c?. In the
steady state, the upward and the total downward transition rates are the
same, i.e., By p(v) - N, =B, 1p(v)- N, =By, - p(v) - N,+ A, - N,, from which
follows No/N, = p)/[p(v) + 8z - hi*/c3). Tt follows from this that for low
energy densities (weak light), N,/N; and also N, increase proportionally
to the light but also that N,/N; cannot exceed 1 even if the light is very
strong. A so-called inverted population of molecules with N,/N; > 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

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
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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)

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. 1.18 Absorption spectra of C-phycocyanin at various tempera-
tures (Redrawn from Friedrich et al. 1981)

first order rate constant k£, which is a sum of the rate constants
for the different pathways:

k=k+k, +k, +kg,

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

¢, =k [k =k | (ke +ky +1,+ky ).

The quantity ¢y 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,

b =k [k =k, /(kf+kth+tic+kch)‘

The different pathways compete with one another.
Therefore, the chlorophyll fluorescence from a plant, which
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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) X (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



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 (Dg) and in the ground
state (Dgg)

application of these ideas to a biological system is provided
by Bjorn and Bjorn (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
CCl, or CH,, 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 (Dg) 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.

L.O. Bjérn

The magnitude of the transition moment can be estimated
from the absorption spectrum of the compound in question.
Denoting the molar absorption coefficient by ¢, the refractive
index of the solvent by n, and light velocity divided by wave-
length (frequency, c/A) by v, the oscillator strength (the
square of the magnitude of the transition moment) is approx-
imately 1.0222x10-nx [[e()/v] dv C*m?, where integra-
tion is carried out over the absorption band. If we let ¢ instead
stand for molecular cross section in m?, the formula becomes
2.673x10%n x f [e@)/v] dv C* m% 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[*cos’a, where a 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
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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 Forster 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 Forster 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 Forster mechanism because it is so important.

1.18 The Forster 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

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 Bj6rn, photo by
the author)

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
Forster 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
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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 Forster’s
formula:

Energy transfer rate = factor ¢ (overlap initegral)- cos’ar / (r°).

Here ¢ is the fluorescence quantum yield in the absence
of the acceptor (see Sect. 1.15), a 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
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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
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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 'Ag, according to the follow-
ing scheme:

Chlorophyll (excited triplet)+ O, ( ground state) — Chlorophyll (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 O, molecules
and O, 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
etal. 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. 1.21 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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Fig. 1.22 The electronic configurations in various forms of neutral
dioxygen (left) and dioxygen ions of biological importance (right).
Only the “antibonding” (z*) 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
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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) Lightconsists 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 infinite 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 reflecting surface.

(d) Light may be more or less coherent, with light waves
“going in step.” We will not address this complication
in this chapter.
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(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., fluence rate or fluence, 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
fields 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% photons, or a unit derived from this, such as
micromole of photons (6.02217-10"7 photons). The sym-
bol for the latter is pmol.

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?” without further qualification is not defined, since
one cannot be sure what kind of area you are expressing with
m?. Is it a flat area or a curved one? If it is flat, 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 reflected 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 flat 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
flat, so in the first approximation we can measure light in
single-leaf experiments with a flat device with the same
direction as the leaf. But a whole plant is far from flat (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
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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 flat surface
of unit area, and

2. Energy fluence rate (or fluence rate for short), i.e., radia-
tion power incident on a sphere of unit cross section. The
term fluence 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 field, use the term photon
flux density and the abbreviation PFD (PPFD for photosyn-
thetic flux density; see below). For case 2 the term photon
fluence rate is well accepted among plant physiologists, but
hardly among scientists in general.

Energy fluence is the energy fluence rate integrated over
time. By fluence is meant as the same thing as energy
fluence.

We shall now compare irradiance and energy fluence for
different directional distributions of light (see Fig. 2.1):

1. Collimated light falling perpendicularly to the irradiance
reference surface. In this case, the flat surface of unit area
and the sphere of unit cross-sectional area will intercept
the light equally, and irradiance will be the same as flu-
ence rate.

2. Collimated light falling at an angle o to the normal of the
irradiance reference plane. In this case, the light inter-
cepted by the flat surface of unit area will be less than that
intercepted by the sphere of unit cross-sectional area. The
irradiance will be cos(a) times the fluence rate. Since
cos(ar) is less than unity, the irradiance in this case will be
lower than the fluence rate.

3. Completely diffuse light falling from one side only. The
ratio of irradiance to fluence in this case will be an average
of cos(ar) for all angles a from O to +7/2 weighted by sin(ar),
ie., f sin(or)-cos(or)-dx/ /sin((x)-dx with the integral running
from O to +#/2, and this is equal to 1/2. Thus, the irradiance
in this case is half the fluence rate. The reason we have to
weight cos(a) by sin(a) is that all values of o 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 o) has a
radius, and hence a circumference proportional to sin(x).

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 flat receiver we still count only one sur-
face (irradiance is defined in this way), so irradiance is
one quarter of the fluence 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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Fig. 2.1 The concepts of irradiance and fluence rate. In (a) the incident
light is perpendicular to the surface of the flat irradiance sensor. In this
case, fluence rate and irradiance are equal. In (b) the incidence angle is o.
The irradiance sensor then intercepts only the fraction cos a of what the
fluence rate sensor does. In (c) the light is diffuse, but incident only from
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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 fluence rate
on the vertical axis of a spectrum of light received by a
spherical sensor.

What we here have called fluence rate is termed actinic
flux 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 fluence
rate. Vectorial irradiance is just the same as irradiance. The
reader should use just one system of terms, preferably irradi-
ance and fluence 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 fluence rate.
Most of them are constructed for irradiance measurements
and a few for measurement of radiance (see below). But Bjorn
(1995) and Bjorn and Vogelmann (1996) have shown how
irradiance meters can be used for estimation of fluence rate.
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above. Then the fluence 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 fluence 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
Unit: W m~

Photon irradiance

(Energy) fluence rate
Unit: W m~

Photon system Photon fluence rate
(=photon flux density)
Unit: mol m=2 s~! Unit: mol m=2 s~
Time integrated values

Energy system (Energy density)
Unit: J m

Photon system -

(Energy) fluence
Unit: J m™
Photon fluence
Unit: mol m2

So far we have been dealing with light falling on a sur-
face, either a flat 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? (just like irradiance and fluence rate, so beware of con-
fusing them). The power emission takes place in different
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Fig. 2.2 The variation of the ratio
of fluence rate to irradiance over a
clear summer day in southern
Sweden. Presence of small
particles in the air (aerosol)
dampens the variation. The graph
is for cloudless conditions and
400-700 nm (“PAR” spectral band,
see Fig. 2.3). For ultraviolet
radiation, especially for UV-B
radiation, the variation is smaller,
because even clean air scatters this
radiation to make it to a large
extent diffuse. For overcast
conditions, the variation is also
smaller than for clear skies
(Measurements and calculations by
the author, plot by Pedro J. Aphalo
and Eva Rosenqvist)
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directions; in total there is a solid angle of 4z 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-defined sense).
The radiant intensity per area unit on a plane perpendicular
to the light is called radiance, and the unit is W/sr/m? The
official definition 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 6, divided by the solid
angle and by the orthogonally projected area of the element
in a plane normal to the given beam direction, dS cos 6. With
mathematical symbols we write: L = d>P/(dQ dS cos 0) for a
divergent beam propagating in an elementary cone of the
solid angle € containing the direction 6.

If we integrate the radiance over all 4z radians for both Q
and 6, we get back to the fluence 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 fluence rate and not confuse these two con-
cepts. As a practical illustration of how the ratio of fluence 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).
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2.4 Biological Weighting Functions

and Units

Section 2.3 concludes the physical quantification 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? equals 683 1x. For all other wave-
lengths, 1 W/m? is less than 683 Ix. Illuminance integrated
over a flat area is called luminous flux, 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%>=10.763910
square feet in a square meter, and also 10.763910 Ix 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 defined 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 definition 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
flux 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 definition 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 field 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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Fig. 2.3 Examples of weighting functions. The damaging UV function
is one devised by the International Radiation Protection Association
(IRPA) and the International Commission on Nonionizing Radiation
Protection (/ICNIRP) and thus having a certain official status. PAR
stands for photosynthetically active radiation, and this weighting factor
is unity from 400 to 700 nm and zero outside this interval. This weight-
ing function is applied more often to photon irradiance or photon flu-
ence rate than to energy irradiance and energy fluence rate. The Lux
function is that used for conversion of W/m? 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 1x 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 official values from a table
and an analytical approximation consisting of the difference between
two Gauss functions: weighting factor = exp[—(555-4)/63.25]—exp
[-(495-1)/30]%/6.8, where A stands for wavelength in nm

References

Bjorn LO (1995) Estimation of fluence rate from irradiance measure-
ments with a cosine corrected sensor. J Photochem Photobiol B Biol
29:179-183

Bjorn LO, Vogelmann TC (1996) Quantifying light and ultraviolet radi-
ation in plant biology. Photochem Photobiol 64:403—406

Braslavsky SE et al (2007) Glossary of terms used in photochemistry.
3rd ed. (International Union of Pure and Applied Chemistry recom-
mendations 2006). Pure Appl Chem 79:293-465. Available at http://
www.iupac.org/reports/I11/2002-024-1-300_rec061012.pdf or
http://www.iupac.org/reports/1993/homann/index.html

Grum F, Becherer RJ (1979) Optical radiation measurements. Academic
Press, New York, pp 14-15

Handbook of chemistry and physics (many editions). CRC Press, Cleveland.
http://en.wikipedia.org/wiki/CRC_Handbook_of Chemistry_and_Physics

Rupert CS (1974) Dosimetric concepts in photobiology. Photochem
Photobiol 20:203-212


http://en.wikipedia.org/wiki/CRC_Handbook_of_Chemistry_and_Physics
http://www.iupac.org/reports/1993/homann/index.html
http://www.iupac.org/reports/III/2002-024-1-300_rec061012.pdf
http://www.iupac.org/reports/III/2002-024-1-300_rec061012.pdf
http://dx.doi.org/10.1007/978-1-4939-1468-5_8

Lars Olof Bjorn

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 TheSun

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 modified 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 filament, which nowadays is, almost invariably,
made from tungsten. It is heated by an electric current flow-
ing through it. In order not to be destroyed (oxidized) by the
oxygen in the air, the filament is enclosed in an envelope
made of glass or quartz. The envelope is either evacuated
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(most commonly for small lamps) or filled with an inert gas
or iodine vapor.

The spectral composition of the emitted light is strongly
dependent on the temperature of the filament. As a first
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 filament 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 filament 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 filament temperature can be
increased by making the filament 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 filament is shorter. Quite often a small
(“point-like”) light source is desirable in optical systems.

A gas-filled envelope permits a higher filament 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 filament, 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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Fig. 3.1 Emission spectra of an incandescent lamp with a nominal rat-
ing of 24 V run at different voltages, with computed filament tempera-
tures indicated. The lowest dashed curve corresponds to 8 V and
1,547 K

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 difficult 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
Bjorn (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
filament). 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 filament 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 Bjorn (1971).

3.2.3 Electric Discharges in Gases
of Low Pressure

In a gas discharge lamp, an electric current is flowing 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
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for the conduction of current to and from the gas. In addition
to this, it is often necessary with other parts, such as heating
filaments, 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 fluorescent 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-filled lamps, such as “electrodeless” high-pressure
xenon lamps.

3.24 Maedium- 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
finally, very little of this radiation escapes from the vapor.
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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 finally, 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 flashes 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 flash 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 flashes.
Ordinary photographic flashes have a flash duration of about
1 ms. If they are “automatic,” i.e., combined with a light-
sensing photodiode and appropriate circuitry, the flash 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
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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 fluorescence in plants.
Initially, the trouble with this was that only red-emitting
diodes were intense enough and their red light is not easy to
efficiently separate from the chlorophyll fluorescence. Now
sufficiently 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 pm.
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 amplification 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,/N,=exp(E,—E,)/kT). To get light amplification 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
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Table 3.1 Examples of
LEDs and where to obtain
them

Peak wavelength (nm)
237-365

370-390

460

470, 505, 525
574, 595, 611
630

660

660, 700, 720
780, 810, 905
375-1550

240-415

Semiconductors Company and URL

AlGaN/GaN Sensor Electronic Technology, Inc.
WWW.s-et.com

GaN Nichia America

GaN www.nichia.co.jp/en

SiC/GaP LEDtronics

InGaAIP www.ledtronics.com

GaAsP/GaP

GaAlAs/G

AlAs

GaAlAsP Roithner Lasertechnik

GaAlAsP http://www.roithner-laser.com/

InGaN Epitex

AlGaAs/AlGaAs http://www.epitex.com/

InGaAsP Spectrecology

minimized by a suitable optical configuration, 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 fluorescence 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 Y3;Al;0,. 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

http://www.spectrecology.com/
(All accessed Aug. 17,2013)

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 first three sec-
tions below will deal with wavelength selection. A review of
filters 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 filters with light-absorbing substances that
remove certain components from the spectrum. These color
filters may be solid or liquid.

Cheap filters, 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
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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 finally
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 filter 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 filter changes, especially in
front of a UV radiation lamp. A more stable alternative is a
special type of uncolored Plexiglas, number FBL.2458 (from
Rohm GmbH, ordinarily used in front of the UV radiators in
Solaria).

A great variety of gelatin filters 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 filters 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 filters 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
acidified 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
fluorescence. For this purpose, it is far superior to glass fil-
ters or any filters containing organic compounds because of
the total lack of fluorescence. We use it for filtering away the
blue excitation light when we study the red chlorophyll fluo-
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)

Transmitted fraction
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Wavelength, nm
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Fig. 3.3 The fraction of light of various wavelengths absorbed by
(pure) water layers of the thicknesses indicated. Ten-meter filters are
not very practical in the laboratory, but 10 and even 100 m of water are
natural light filters for many organisms. The transmission in natural
waters differs from that in chemically pure water and will be dealt with
in Chap. 7 (Calculated from data of Hale and Querry (1973))
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Fig. 3.4 Cutoff filters made of glass, manufactured by Schott & Gen.,
Mainz. Note that the vertical transmission scale is not linear. The filters
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

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 filters 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 filters, 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 filters are made by several companies. My
personal experience is mainly with filters manufactured by
Schott & Gen. (Mainz, Germany) and Corning (USA). A
large assortment of such filters is available (Fig. 3.4), so a
catalog should be consulted before ordering. Of the filters
from Schott, I have most often found BG12 and BG18 useful
for isolating broadband blue light, and a series of cutoff fil-
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

1,000)-thick filters, does not take reflection (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)]}

can be varied by having filters of different thickness or using
several filters in tandem.

All the filters absorbing the unwanted light convert the
absorbed energy to heat. If the light to be filtered is strong, the
filters 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 filters.

3.3.2 Interference Filters

An interference filter removes the unwanted radiation from a
beam not by absorption, but by reflection. It does not contain
any colored substances but instead a number of partially
reflecting and partially transmitting interfaces. Some
interference filters contain very thin metal films; others are
made from alternating layers of transparent compounds of
high and low refractive indices. The complete theory for
interference filters 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
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Fig.3.5 The transmission spectrum for an interference filter (/F) 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 filter with suitable glass filters: UG 11 for
the short-wavelength band or GG 495 for the long-wavelength band

reflected beam, so no light is reflected 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 filters 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 filters, one of the
bands can be selected (Fig. 3.5). When using such combina-
tion filters, it is essential (at least if strong light is to be fil-
tered) that the interference part of the filter faces the incident
light. If the absorbing glass part is hit by the unfiltered light,
the filter might become overheated.

For the filter to function properly, the light to be filtered
must be nearly perpendicular to the filter, 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 fluorescent tube),
can be efficiently filtered by an interference filter.

Even if interference filters do not heat up as easily as
absorbing filters, 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.
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The half-band width of a spectral band is defined 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 filters with
half-band widths of about 15 nm. This gives a reasonable
compromise between spectral purity and amount of light
transmitted. For some purposes, filters with half-band
widths up to 50 nm are useful. There are also interference
filters 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 filters (also called spectral
wedges) transmit light of different wavelengths at different
points on the filter. They are usually oblong, with different
wavelengths along their length. Also, circular spectral
wedges have been manufactured.

There are interference filters other than the narrow band
type. One useful type is Calflex (see http://www.linos.com/
pages/no_cache/home/shop-optik/planoptik/filter/?sid =
12664&cHash = ¢8035311a6). One version of it transmits
almost the full visible range and reflects ultraviolet and infra-
red (including far-red).

3.3.3 Monochromators

For high spectral purity of light, yet flexibility in the choice
of wavelength, a monochromator is the device of choice. A
very simple monochromator can be made from a continuous
interference filter between two slits (Fig. 3.6). Light of dif-
ferent wavelength is obtained simply by sliding the interfer-
ence filter. 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 deflecting the
light differently depending on wavelength). Gratings were
too difficult 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 reflection 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 (1),
deflection angle (8), and relative fluence rate (/) to the width
(b), number (n), and distance (a) of the slits:

oa=(a-m/L)sind
ﬁ=(b.ﬂ/),)-sin9
I =4[sinB-sin(n-a)/(oa-B)]


http://www.linos.com/pages/no_cache/home/shop-optik/planoptik/filter/?sid = 12664&cHash = c8035311a6
http://www.linos.com/pages/no_cache/home/shop-optik/planoptik/filter/?sid = 12664&cHash = c8035311a6
http://www.linos.com/pages/no_cache/home/shop-optik/planoptik/filter/?sid = 12664&cHash = c8035311a6
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Fig. 3.6 Simple monochromator consisting of an interference filter
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 filter, which is essential for proper function

The highest central peak (nondeflected light) in Fig. 3.7a
is called the first-order light. With mixed input light, this
includes all wavelengths. The two peaks on each side of it is
the first-order light and so on.

Comparing the last three printouts (Fig. 3.7b), we see that
the deflection angles increase with wavelength. We can see
that the second-order light with wavelength 500 nm is
deflected to the same angle as the first-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
first-order light of 2,000 nm wavelength are all deflected 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 reflection 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 reflection gratings have the added refinement of
blaze. This means that the grooves are not symmetrical but
shaped in such a way that the direction of specular reflection
coincides with the diffraction direction for a certain wave-
length—the blaze wavelength. That makes a grating particu-
larly efficient 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 difficult to get sufficiently 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
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Fig. 3.7 (a) Computed diffraction patterns from n slits (n=1, 10, or
100). With increasing slit number, the peaks become sharper. The slit
width is 0.3 mm, the slit distance 1 mm, and the wavelength 1,000 nm.
(b) As in (a), but with slit number kept constant and the wavelength
varied. With increasing wavelength, the deflection angle increases

light (monochromator—photomultiplier combinations in
spectroradiometers or the emission units of spectrofluorom-
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 reflec-
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. 3.8 Schematic diagram for a monochromator used for photobiol-
ogy experiments

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 (first,
second, etc.) mentioned above. The wavelength scale on
the monochromator is valid for only a certain order, usu-
ally the first. 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 filters (see Tran 1997 for
a review). Such a filter is in a way intermediate between an
interference filter 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
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Fig. 3.9 Images of the entrance slit for different wavelengths in rela-
tion to the exit slit (above), and the ideal transmission function, neglect-
ing diffraction in entrance and exit slits. If the slit is narrow, with a
width approaching the wavelength, diffraction will take place (see
Fig. 3.4)

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
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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

light

Fig.4.1 Schematic diagram of a bolometer. It is connected to a voltage
source with voltage U
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the target resistor shielded from light. In general, the
potential difference between the top (R,/R, junction) and
bottom (R3/R,; junction) will be U[R./(R,+R,)—R3/
(R;+R,)], so that when the bridge is balanced R,/
(R, +R,) =R3/(R;+ R,). We now remove the light shield and
allow the light to be measured to fall on R,. This resistor
now heats up and changes its resistance by the amount
AR,. The concomitant change in potential between “up”
and “down” will be U AR,/(R, +R,), 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

L.O. Bjérn

measured plus heat radiation from the surroundings,
assumed to be at absolute temperature 7,. The heat radia-
tion received is proportional to 7;* (Stefan-Boltzmann’s
law). The radiation energy given off by the target (at abso-
lute temperature T;) is proportional to 7*. When equilib-
rium has been reached, we thus have the relationship for the
irradiance of the light to be measured (k, and k, are
constants):

Irradiance =k, -T! =k, - T

or

Imadiance = k, (7" =T} ) =k (17 + 17 )-(T+ T,)-(T, =T, ) = b, -(T, = T,)
=k, -AT.

t a

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/m? 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 Bjorn (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
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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

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.
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Fig.4.4

Diagram of (side-on) photomultiplier

A Device Based on the Outer
Photoelectric Effect:
The Photomultiplier

4.3.1

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
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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 UV).

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
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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
ring _
thin
gold \ |
selenium — current
5 /7\ meter
/ +
iron

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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Photochemical Devices: Actinometers
and Dosimeters

4.4

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(Il) 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 (I5").

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

a

(TIT), K[Cr(NH;)%)(SCN),]. The latter can rather easily be
prepared from the commercially available Reinecke’s
salt, that is, NH,[Cr(NH;),(SCN),]. Irradiation causes the
uptake of water and release of thiocyanate, which can be
measured spectrophotometrically after addition of an
Fe(II) 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 (Mirén 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:

%(COO_)Z +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

Quantum Fraction Quantum yield x fraction
Wavelength  yield absorbed 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(Il) formed can be measured spectro-
photometrically after addition of phenanthroline, which
gives a strongly absorbing yellow complex with Fe(I) ions.

The ferrioxalate for the actinometer is prepared by mixing
3 volumes of 1.5 M (COOK), with 1 volume of 1.5 M FeCl;
and stirring vigorously. This step and all the following
involving ferrioxalate should be carried out under red light
(red fluorescent tubes). The precipitated K;Fe(C,0,);-3H,0
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 1. 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 H,SO,.
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 cm? Five minutes of
irradiation produces 0.6 pmol 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
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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)
pmol=0.512 pmol radiation incident on 2 cm? 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) pmol/cm?*/min' =5.10 nmol/
cmmin' or 5.12:10%60 nmol/m?/s' =853 nm/m?%/s!.

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 (Bjorn 1995; Bjorn 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.
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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

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).
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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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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 Bjorn 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

Fig. 4.9 Diagram of spectroradiometer (Optronic Laboratories model
754), simplified to enhance the important optical parts. Light from the
integrating sphere (/, 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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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

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):
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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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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

Bjorn (1971) devised a method to use an ordinary tubular
incandescent lamp as a standard lamp without prior optical
calibration of the lamp, justrelying 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
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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 I,=1-e™, where I, 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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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

L=1I..e7*, 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 I,/I,=¢™, and this ratio we should be able to determine
without absolute calibration of the spectroradiometer. But
knowing e™, we can now calibrate the spectroradiometer
against the extraterrestrial irradiance using the relationship
Ii=1,e™

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
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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
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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
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Fig. 4.12 The principle for a charge-coupled device (CCD). A small
part of the CCD is shown at three different times (a—c). Electrodes are
shown as T. In A, light has released electrons (shown as dots) in a
doped silicon plate near the leftmost electrode. A wave of positive elec-
trical potential (shown with the plus signs) is passed along the elec-
trodes from left to right, and the electrons follow this positive wave
through the silicon and can finally be collected sequentially from each
location at a collection electrode at the right end (or edge, if it is a two-
dimensional CCD)

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
e, for the light count and e, for the dark count, the standard
error of the difference between light and dark counts is the
square root of (e; >+ ¢4 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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Lars Olof Bjorn

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 fluorescence) 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 first 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 fingers 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,
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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,

Specimen
plane
L]

Objective

Laser

"

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-
ficiently 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 reflection 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 modified from
Stanford University’s URL http://www.stanford.edu/group/blocklab/
Optical%20Tweezers%20Introduction.htm)
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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
diagrams to the right show how the
momentum change can be computed
graphically by subtraction and
addition of vectors

Light

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) exemplifies the
use of optical tweezers in biology.

5.3 Use of Lasers for Ablation,

Desorption, lonization, 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 fixing 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 (Kriiger 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,
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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 film 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 specific colored compounds (“‘cytochemistry”). A great
leap forward was taken when pigments were combined with
antibodies, which make very specific associations with cell
structures and particularly with proteins. In the microscopy
methods to be described in the following sections, labeling
with fluorescent pigments plays an important role, and these
pigments are commonly combined with antibodies to make
the labeling of cell constituents specific. Antibodies are best
for rather large molecules, while for small metabolites,



5 Lightas a Tool for Biologists: Recent Developments

53

oo 0.1

1l

I} o.01
i

- 0.001

Fig.5.3 The Airy disk: the real appearance and graphs of the radiance distribution on logarithmic and linear scales

specific RNA species can be used in combination with fluo-
rescent molecules (Paige et al. 2012).

Many fluorescent compounds have been used in this way.
One particular compound has become particularly impor-
tant—the so-called green fluorescent protein (GFP). It is pro-
duced by the jellyfish 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
fluorescence. 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 first publica-
tion (Chalfie 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
fluorescence properties so that energy absorbed by one can
be transferred to the other one. By labeling a sample simul-
taneously with proteins having different fluorescence 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 fluorescence
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 fluorescence 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 fluo-
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 fluorescence is “flu-
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).
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Fig. 5.4 Image of two bright spots at the minimum resolvable
distance

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=1.22-1/
(2-n-sina), where 4 is the wavelength of the light used, n the
refractive index of the medium between the objective lens
and the object, and a the half-angle of the objective lens sub-
tended at the object plane. The so-called numerical aperture,
n-sina, 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 pm. 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).
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Fig.5.5 Brightness of a small fluorescing spot as imaged with one-photon
fluorescence (350 and 700 nm) and two-photon fluorescence (700 nm)

Two-Photon Excitation Fluorescence
Microscopy

5.6

In this technique, the biological specimen is stained with
antibodies to which a fluorescent pigment has been attached.
The antibodies attach to the structures that one wishes to
study, such as a specific protein. The method utilizes the fact
that fluorescence can be induced not only by light of a
wavelength corresponding to an absorption band of the fluo-
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 fluorescence 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 fluorescent 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 fluorescence brightness is pro-
portional to the square rather than the first power of the flu-
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.
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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. (¢). With pulse interval
long enough the triplet state has decayed and bleaching is prevented.

5.7  Stimulated Emission Depletion

Another method, stimulated emission depletion micros-
copy (STED microscopy or STEM), also uses fluorescent
labeling of the specimen in the same way but a different
method for exciting the fluorescence. In this method, too,
the specimen is scanned spot by spot by a laser beam,
which excites fluorescence (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 fluorescence 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 first 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,
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Right STED microscopy operation with interpulse time interval At. (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. (¢). With pulse interval long enough
the triplet state has decayed and bleaching is prevented. (Reprinted,
with permission, from Donnert et al. (2006))

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 fluorescence 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 first 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).
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Fig. 5.7 Near-field microscopy (Slightly modified from http://www.
olympusmicro.com/primer/tecniques/nearfieldintro.html. Courtesy of
Dr. Michael W. Davidson)

Betzig and Chichester (1992) introduced the use of a very
thin light-conducting fiber for this purpose. The light aper-
ture at the end of the fiber is much less than the wavelength
of light, about 25-100 nm in diameter, and the distance
between the fiber 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-field scanning opti-
cal microscopy (NSOM). Because the probe is so close to the
sample, with a few modifications 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 specific con-
trast, perceived by us as color. For scientific purposes, one
can use light of specific wavelength for rather specific 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

Fig.5.8 Tapered and aluminum-coated glass fiber for near-field 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 field still protrudes a short distance beyond the tip of the fiber,
and if a scattering medium is brought into this region, the light energy
can propagate into the “far field” and be registered with a photomulti-
plier. The same device can work in the opposite direction, and sample
photons from the evanescent field of the sample if this is illuminated
(Modified from http://www.azonano.com/details.asp?ArticleID=1205)

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 reflecting 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.5.9 Four methods for scanning near-field microscopy. (a, b) Light
is either delivered (a) from the tapered fiber or collected (b) by it. (c)
How “frustrated” total reflection is used. All light coming from below
undergoes total reflection except where the evanescent field from struc-
tures in the sample comes sufficiently close to the fiber. (d) Light deliv-
ered from the fiber is scattered from structures in the sample only if they
come within reach of the evanescent field, and then the scattered light
can be picked up by a photomultiplier or photodiode

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.
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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 first 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 modified 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 efficiently
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 first (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
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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)

how the hemozoin-containing cells can be destroyed by a
laser pulse.

5.12 Quantum Dots

“Quantum dots” is a rapidly expanding field. A search for this
term on the Web of Science in September 2014 gave 1,55,500
hits, the first 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 fluores-
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 confines 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 confines
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
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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 confined, 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 z 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 definition, 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 configured with ligands to biological structures, for
instance, polynucleotides or antibodies.

The photon energy (E=hv) and thus the wavelength
(A=cl/v) of the light emitted from a quantum dot depend
mainly on two quantities, the energy gap Eyy in the bulk
material of which the (core of) quantum dot is made and the
extra energy arising from confinement of the mobile charge,
Econt: held=E = Epy+ Econ.

A somewhat simplified derivation from the time-
independent Schrodinger 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..,=h*(6.5138m.R?), where m, is the electron
mass and R the radius of the quantum dot. The value of Ey
varies, of course, with the material, and for CdSe, it is
3.85-107" 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. 5.11 Pulsed laser (532 nm, 40 mJ-cm™) 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. (¢) Uninfected (fop) and

all quantum dots in a preparation do not have exactly the
same dimensions, the emission is spread out over a spectral
band of finite width. However, quantum dots have emission
bands more narrow than most fluorescent 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 simplified theory is not universal, and Brus
(1984) and more recently Wang and Seo (2006) and
Cademartiri et al. (2006) derived more accurate relationships.

Single laser pulse After

P. falciparum mature schizont stage—infected (bottom) human red blood
cells. (d) Uninfected human RBC. (/) Bright field image shows cells
before laser pulse. (/I) SYBR green I fluorescence image reveals para-
site presence before laser pulse. (/II) Time-resolved optical scattering
images of nanobubbles. (/V) Bright field images after laser pulse (From
Lukianova-Hleb et al. (2014))

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 fluorescent labels are (1) greater stability against
bleaching, (2) higher fluorescence quantum yield and there-
fore stronger fluorescence, (3) more narrow emission bands,
and (4) the possibility of continuously tuning of the emission
wavelength and choosing any desired value. The first 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. 5.13 Phototuning of CdSe quantum dots with SiO, shells. (/)
Absorption spectrum of the original quantum dots. The vertical axis
does not show absorbance in this diagram, but absorption coefficient
divided by scattering coefficient, 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 simplified, after Torimoto et al. (2006))
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The fluorescence 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, 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, shell serves to prevent the particles from
coalescing.

Because of the extremely low detection limits of quantum
dot fluorescence labels, they can be employed for various
forensic purposes, such as detection of anthrax spores (Park
et al. 2006), specific DNA traces (Raymond et al. 2005), or
fingerprints (Bouldin et al. 2000; Menzel et al. 2000).
Specificity and suppression of background fluorescence
interference can be improved by monitoring the fluorescence
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 fluoresce
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
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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. 2000).

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 specific 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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Fig. 5.14 CdSe quantum dots prepared in a student experiment. The
top picture shows fluorescent colors with UV-A excitation, the bottom
one the absorptive colors under white light. CdSe quantum dots can be
prepared emitting fluorescence at longer wavelength, up to 700 nm

AIPCcS,,

(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 specifically localized to
endocytic vesicle membranes after being taken up into cells. TPPS2a is
meso-tetraphenylporphine with two sulfonate groups on adjacent

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

phenyl rings, and AlPcS2a is aluminum phthalocyanine with two sulfo-
nate groups on adjacent rings (From Hggset et al. (2004))

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 efficient if the sensitizing pigment is incorpo-
rated into the vesicle membrane. Some photosensitizers
have, in fact, been found which after uptake in cells become
specifically localized to lysosome membranes (Fig. 5.15).
The photosensitizer may be administered together with the
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Fig. 5.16 Photochemical internalization using preloaded sensitizer.
The cell is first 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 modified from Hggset et al. (2004))

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 find its proper place in the
nucleus (Ndoye et al. 2006).

An advantage of photochemical internalization is that it
can be very specifically 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-
ficity 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 specific 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
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NP-EGTA

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

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’+
concentration in the cytosol is usually near 0.1 umolar. When
it is caused to rise, a number of processes, dependent on the
type of cell, are initiated. The Ca’*+ 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 find 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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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 artificial 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 defini-
tion of optogenetics varies, but according to Deisseroth
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(2011), it is “the combination of genetic and optical meth-
ods to achieve gain or loss of function of well-defined
events in specific cells of living tissue.” A general recent
overview is provided by Packer et al. (2013).

. Use of artificial 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 first method was pioneered by Lester et al. (1980), who
chemically modified 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
sulthydryl 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.

In

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 A). (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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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))

bt '%w'lj MWMHM A

|
25s
|

Fig.5.20 The action potentials in a nerve cell are rapidly switched on
by 390-nm radiation (white bars) acting on a modified membrane chan-
nel and equally rapidly switched off by 505-nm light (black bars) (From
Chambers et al. (2006))

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 (modified) 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.
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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 fly 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 modified, 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. Koger 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 sulthydryl 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 (1>460 nm) and
opened again by irradiation with UV radiation (366 nm).

Eisenman et al. (2007) have constructed a photoactivatable
neurosteroid by which GABA, receptor function can be light reg-
ulated. It can be used for blocking neuron firing 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 field is provided by Natasha et al. (2013).

Chen et al. (2013) modified 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 traffick-
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. 5.21 Photocrosslinking two proteins using a protein (protein 1 in
the figure) in which p-benzoylphenylalanine (pBpa) has been inserted.
Ph stands for the phenyl group. Under irradiation with UV-A, the pBpa
is converted to a diradical, which cross-links to an amino acid in pro-
tein 2. If R in this amino acid is hydrogen, dehydration takes place,
resulting in the structure at the lower right. A more detailed diagram,
showing intermediates and alternative reactions, is provided by Dorman
and Prestwich (1994)

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 specific
recent developments.

For a couple of decades, it has been possible to incorporate
unnatural amino acids into proteins in a site-specific 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 modified 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 first 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-trifluoromethyl-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
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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 modification of either. These
cross-links, however, are not very informative since they do
not necessarily reflect 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 specific methods,
which involve the addition of specific photoreactive groups
that respond to UV-A radiation.

Also, some hormones can be photocrosslinked to their
receptors without artificial photoreactants. Thus, the first
photocrosslinking of a plant hormone, abscisic acid, was per-
formed without prior modification (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 photoaffinity
labeled. But such experiments have later been complemented
using hormones linked to artificial photocrosslinking groups
(e.g., Todoroki et al. 2001), and for many other hormones,
artificial 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 perfluoroarylazido 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 perfluoro 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 field 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 fluores-
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 fluoro-
phores with either absorption or emission spectra sufficiently
different so that the bases can be distinguished by fluores-
cence (e.g., Lewis et al. 2005; Seo et al. 2005).

Another fluorescence method important in genomic
research is fluorescence 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-specific probe that is made to fluoresce 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 Modification

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 reflects, 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
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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
reflected by clouds and thereby mostly lost to space, but this
will not be considered in detail here. Light reflected from
the ground is partly scattered downward or reflected from
clouds and again appears at the surface as diffuse light, and
for this reason, the ground reflectivity 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, @), 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.

Extraterrestrial solar spectrum

Irradiance, W m—2 nm™!
o
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Fig. 6.1 The spectrum of sunlight on a plane perpendicular to the
direction to the sun, outside the Earth’s atmosphere
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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, SPCTRAL?2, 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 pm,
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).
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Fig. 6.2 Irradiance at noon (leff) and just before sunset (right) from
above on a horizontal plane in Lund (south Sweden, 55.7°N, 13.4°E) on
July 15, 2002, as computed using the algorithm of Bird and Riordan
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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 specified. We
would get a third set of spectra for the fluence rate. The flu-
ence rate can also be readily calculated using the algorithm
of Bird and Riordan (1986), slightly modified: 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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(1986). The ozone column was assumed to be 300 Dobson units and the
ground albedo 0.2, aerosol 0, and air pressure 1,000 mbar
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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 Romaén 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,-sinu/(1+cos’u), where u is the
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angular distance from the sun. The value of p, is never more
than 94 %, usually lower, depending on aerosol in the air,
reflection 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 Horvath 1993). A few comments should be added to this
simplified 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 reflecting.

6.5 Effects of Ground and Vegetation

Reflection from the ground is particularly important in the
ultraviolet, since ultraviolet light reflected 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 reflection from the ground is greatest
when it is covered by snow. Reflection 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 reflect 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-filtered 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 difficult to measure than
visible light and UV-A radiation because irradiance and
fluence rate are lower. It is also more difficult to model
than other daylight, because the spectral irradiance at
ground surface is highly variable and dependent on
other factors in addition to those influencing the longer
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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
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wavelength components. The main factors influencing
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 Bjorn and Murphy
(1985) based on Green (1983) and is further described by
Bjorn (1989) and Bjorn 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 flu-
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
reflected 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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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 Bjorn 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.
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7.2  Radiometric Variables

All electromagnetic radiation—Ilight 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 (0)
and azimuthal (¢) directions, and wavelength 1. With these
assumptions, the radiance distribution L(z, 6, ¢, 1) gives a
complete description of the light field. (Depth z is nor-
mally measured positive downward from 0 at the mean
water surface; € and ¢ refer to the direction the light is
traveling, with =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 8, ¢), per unit wavelength inter-
val, or W m~2 sr~! nm~'. 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 E,(z, 1), which has
units of W m= nm~!. Note that the effective collection area
of the detector as seen by radiance traveling in direction 8
relative to the normal to the detector surface reduced by a
factor of cos@; such instruments are therefore called cosine
detectors. If the radiance is known, E4(z, A) is obtained by
integrating the radiance over all downward directions, with
the radiance weighted by cosf to account for the sensor
angular response:

w2 2w

| jL 2,0,¢,2)cos0sin 0dOdg.

0

E,(z)) = (7.1)

Here sin@d@de¢ is the differential element of solid angle. If
the same detector is pointing downward, it measures the
upwelling plane irradiance E(z, 1).

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 E(z, 4), which is obtained from the radiance by inte-
grating over all directions, but without the cosine
weighting:

2

(z,h =ij ,6,¢,2)sin0d0d. (7.2)
00

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™') to quantum units (photons s~' m=2 nm™).
A single photon contains energy hc/A, where h=6.626-103*J s
is Planck’s constant, ¢=2.998-10% m s~! is the speed of light,
and A is the wavelength (here in meters).

Thus, the conversion from energy to quantum units is
done by multiplying E, by A/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

C.D. Mobley

(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 pmol photons m=2 s~!, where 1 mol is
6.023-10% 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, Eyy_g(z), is computed as

315
Eyvp(z)= | E,(z,))dA

280

(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(A), and the volume scattering func-
tion f(y, A), where v 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+Ar along the direction of propagation, some amount
A®(r) of the incident power ®(r) is absorbed by the water.
The fraction of power absorbed is the absorptance
A= ATI(r)/TI(r). All quantities depend on wavelength, but not
on the direction of propagation (in isotropic media such as
water). The absorption coefficient a()) is the absorptance per
unit distance traveled, or conceptually

Aq)(r) : dlnCD(r)
50D (r)Ar T dr

) (7.5)

with units of m~!. 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 (y, a) per unit
distance traveled. Here y is the polar scattering angle mea-
sured from zero in the direction of the unscattered beam, and
a is the azimuthal angle of the scattering. If A®; is the power
scattered into solid angle AQ as the light travels distance Ar,
then the VSF is conceptually defined as

— 1 . A¢S (W’a)
Plv.a)=lim lim —5mr =,

(7.6)
with units of m™ sr!. For unpolarized light and isotropic
media, as assumed here, scattering depends only on .

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 f 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 f are the sums of
contributions by pure water, phytoplankton, mineral particles,
dissolved substances, air bubbles, etc. This allows a and S for
various water constituents to be measured or modeled sepa-
rately. There are many such biogeochemical models for a and
p 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 (y, o ):

2

b= J-_[ﬂ y,a)sinydyda = 27‘[J‘ﬂ )sinydy. (7.7)
00

b has units of m™'. The 27 in the last term results from the
assumption that the scattering is azimuthally symmetric so

79

that the VSF is independent of a. The scattering phase func-
tion B(y) is the VSF normalized by the total scattering
coefficient:

_ yi
BL)), (7.8)

B(w,2)= 15(1

which has units of sr™'. 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 b, is given by the VSF integrated over all scatter-
ing directions greater than 90°, i.e., over #/2 to z in Eq. 7.7.
The ratio of by/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 by/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(A) and Morel et al. (2002) for b(A). 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 m3) 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.

Scattering angle [degree]

The solid lines in the right panel of Fig. 7.2 show three phase
functions B (4, 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 (y>90°), and their backscatter fractions b,/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 yw=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, A) and b(y, z,
M) tell us everything about the optical properties of a water
body. The behavior of radiance in a water body can be accu-
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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,
R, (1) = L,(air, A)/E4(air,A) with units of sr~!. Ly(air, 1) is
the water-leaving radiance measured in air just above the
sea surface, and Ey(air, 1) is the incident sky and solar
irradiance. L,, 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 L, by
Eq(air, 1) largely removes the effects of the external envi-
ronment. For example, if E; decreases by some factor
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Fig. 7.3 Modeled example dependence of remote-sensing reflectance
R, on water properties and sky conditions

when the sky goes from clear to cloudy, so does the radi-
ance within the water body; hence, L, decreases by the
same factor, and the ratio L,/E; 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 R 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. R, was obtained from the
computed radiance distribution L(z, 6, ¢, A) 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 ¢ mm™ 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 R, spectra group nicely by water
IOPs, with only a small variability caused by the sky con-
dition. R, 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 =E/E,. R s 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 E, and
E,, 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 E, is defined by
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dE, (z,A dInE, (z,A
(zA)  dz dz

(7.9)

with units of m™'. As with R, multiplicative factors on E,
resulting either from environmental changes or instrument
calibration cancel. There is a K function for any radiometric
variable; Ky, K., Ki,, and Kpsr are the most commonly used.
L.z, 1) is the underwater radiance traveling toward the
zenith. Equation 7.9 can be rewritten as

E,(z0)=E, (o,z,)exp[-jKd (z',x)dz'}. (7.10)
0

Here E4(0, 1) is the irradiance just below the air-water sur-
face. If K, can be measured or modeled, E; 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 K, K1, and K, 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= 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= 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.

C.D. Mobley

0 . *Ir T T — __\\1‘
F ’ \ )
: [
10 A\ ":-_ =
E [ \ /
sunato -\ | sunat60 !
E 200 A | 3
£ ; \
£ \ | .
g 30} \ { Kq solid
F 1 Ky dotted -
40 :[ KLy dashed -
Chi=1 | Chi=5 :
50 A | : '
0.05 0.10 0.15 0.20 0.25

K at 555 nm [m™]

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°.
K¥(Chl=1)=0.11 m™! and K¥(Chl=5)=0.19 m™!

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™. At the other extreme,
highly eutrophic lakes can have chlorophyll concentrations
over 1,000 mg m=. 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=. 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 E.(z, ) in quantum units in case 1 water
for chlorophyll values of 0.01, 1, and 100 mg m=. 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.
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Fig. 7.5 Computed examples of spectral scalar irradiance E, in quan-
tum units for chlorophyll values of 0.01, 1, and 100 mg m~. The num-
bers to the right of these plots show the depth in meters of the plotted

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 pmol pho-
tons m~ s~!. 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.
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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™

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.
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Lars Olof Bjorn

8.1 Introduction

Action spectroscopy is a method for finding 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 # minutes with N photons
per m? and second of wavelength A, (or 43), it ought to suffice
with half as many photons of wavelength 4,, 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
firmly founded.

Figure 8.2 shows the result of a fictive experiment involving
the pigment with the absorption spectrum in Fig. 8.1.
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The effect of various exposures to light of wavelengths /, and
I, has been measured. The effect of the irradiation is plotted
along the vertical axis versus some quantification of light on
the horizontal axis (this can be either photon fluence or pho-
ton fluence 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 coefficients in Fig. 8.1. Thus, we cannot
construct an action spectrum just by comparing effects of a
fixed 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 specific 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 reflect real scientific

Absorption

o Ao A3
Wavelength

Fig. 8.1 The concept of action spectrum (see text)
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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 4; and 4,. 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 1,
as at 4,. From this we can deduce that light of wavelength 4, is absorbed
by the active pigment only half as efficiently as light of wavelength 4,

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
Helmbholtz’s theories about color vision. The first 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 efficiency of
different lights by reducing the light until the swimming
movements of the algae stopped due to oxygen deficiency. 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 I when Duysens, Emerson, and others discovered

L.O. Bjérn
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Fig. 8.3 A piece of a filamentous 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: @ = 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))

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 scientific 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).
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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 efficiency of light around 520 nm for photosyn-
thesis by brown algae is due to light capture by the carotenoid fucoxan-

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 filters.

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
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thin, the high efficiency 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))

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 Bjorn 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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Fig. 8.5 The action spectrum for photosynthetic oxygen production in Dark Light Dark Light Dark

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))

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 ¢ 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

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))

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 first 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’ first report, another one was
published, which was also on the road leading to the great
revolution—Griffith’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 first
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 significance in pointing to these
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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. 8.8 Action spectra for
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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 final paper of this series.” Gates never got the opportunity
to publish this final paper. He died on June 17, 1933.

L I L] L] l L T l L L
260
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320

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 efficient 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 fluences 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 quantified how efficient different kinds of lights
were in counteracting the straightening effect of a previously
administered saturating fluence 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,), which is
transformable into the active form (Py,) 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, and Py, 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-
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Fig.8.11 The straightening
effect on bean hooks of light of
various wavelengths as a function
of the energy fluence (Replotted
from Withrow et al. (1957))

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, to
Py, and the transformation of Py to P, The “most correct”
shapes, i.e., those most closely corresponding to the absorp-
tion spectra of P, and Py, (Fig. 8.15), are obtained by investi-

Fig. 8.10 Left: Bean plants grown (/) 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 fluences, resulting in small photoreversible system P, <==>Py. It is now known that Py,
effects. Thus one has to find an appropriate compromise is the active form of phytochrome. Let us assume that moni-
between this and the difficulty in measuring small effects tored reaction (the straightening of the hook) is proportional
accurately. In Fig. 8.14 a suitable level for recovering the to the amount of P;. This amount should be the difference
action spectrum for P,.==>P;, could be P;/(P,+ P;)=0.1. between what is formed in the forward reaction P, ==>P;,

Let us see if we can make sense more in detail of the and that consumed in the back reaction P, <==Py. The rate
shapes and slopes of the graphs in Fig. 8.11. Consider the for each reaction is proportional to the product of fluence
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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 dPg/dt=1x% (P, X 6,— Py X 03) =I X (P, —
Pi)x0,— P xoy)=Ix(Px0,— Py X(0,+0y)). 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, for total phytochrome. We
may for simplicity put P, = 1 and express the other concen-
trations as fractions of this, which gives the simple form

dP, | dt =Ix(Pxc, - P, x(0, +0y)).

In integrated form this becomes

o, —(0,+0,)x B, =0, xexp(— (o, +0, )X Ixt).

or

P, ={1—exp [—(o-r +Gﬁ)><1><t]}/(l+ofr /o).

In Fig. 8.14 we have plotted Py, according to this expres-
sion as a function of log(Ix7), i.e., log (fluence).

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-

-1.5

log (fluence, moles/m?)

tuce hypocotyls (Fig. 8.16). At first 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, Py, is unstable and disappears if
there is no P, present from which P; 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 Py. Light of
longer wavelength has no effect because too little Py is
formed. Light of too short a wavelength has no effect because
Py, is formed too quickly, and all phytochrome disappears
before it can act for a sufficient 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
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a so-called high intensity reaction (HIR).
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Fig.8.15 Top: Absorption spectra of purified phytochrome from oats.
The curve marked R is the measured absorption of far-red irradiated
solution, containing almost only P,. The curve marked FR is the mea-
sured absorption of red irradiated solution, containing mostly Py, and
some P,. The dotted curve marked Py, is the estimated spectrum of pure
Py, which cannot be measured directly, since red light only partially
converts P, to Pg. 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: Py, (left) and
P, (right) prepared from oat coleoptiles (Courtesy Gunvor Bjorn)

in Sweden. Virgin’s former students have continued this
line of research in Goteborg (see Sundqvist and
Bjorn 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 specific question in this context was whether radia-
tion absorbed in the aromatic amino acids of the enzyme
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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
phytochrome, while a flavin-containing pigment is involved in the
short-wavelength part
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Fig.8.17 The absorption spectrum of purified “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
(Bjorn 1969a) (Redrawn from Bjorn (1969b))

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
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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 flavoproteins, 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 flavoproteins 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.

95

Ozone depletion has been simulated by exposing the organ-
isms to be studied to artificial ultraviolet radiation. One prob-
lem has been that the artificial 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
artificial 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
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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. Bjorn (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

u, =KT-In[ (@ /4R?) |+ hv, (1-T/ T;)
—p*[wrk]|r(v T -1

where k = Boltzmann’s constant, 4 Planck’s constant, T
ambient temperature, T the temperature of the radiating sur-
face of the Sun, @ the fluorescence yield, r the radius of the
Sun, R the Earth-Sun distance, v, 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\/ (2In2)=2.35b. With numerical values inserted,
this becomes u,=—0.342 eV + (19/20) hv,~6.6.10-28b%V s>
(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 Marosvolgyi 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
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lipophilicity, making them suitable for incorporation into
membranes. Bjorn 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 7 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, CH,
= CH-(CH = CH),,—CH = CH,, 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 Schrodinger



9 Spectral Tuning in Biology I: Pigments

550 F | | | | | E
500 - _ =
450 - =
1S E ]
c o ]
£ 400 =
=2 C 3
c L -
@ L ]
o 350 — =
© - m
= C ’
300 E —6— FE/Kuhn theory =
250 - — &— LCAO/Huckel theory 3
- - = - Measured .
200 = | | | | | | | 7

0 2 4 6 8 10 12 14 16

n

Fig. 9.1 The wavelength of the absorption maximum with longest
wavelength for a series of polyenes with formula CH, = CH-(CH =
CH), ,—CH = CH,. The graph shows experimental values, as well as
values calculated by two different methods, the Kuhn version of the free
electron theory, and the Hiickel version of the linear combination of
atomic orbitals theory

equation is applied to a “gas” of z-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
Hiickel, 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
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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 (Polivka 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 O and Q, transi-
tions. Oy and Q, 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 Q,
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.9.2 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 Q, transition lies along this axis.
The x-axis, and the direction of the Q,
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

Porphin
nucleus

Dihydroporphin
nucleus

Tetrahydroporphin
nucleus

Table 9.1 Comparison of absorption spectra of chlorophyll pigments
position of long-wavelength (Q,) band (nm)

Pigment In ethyl ether In vivo
Protochlorophyll 624 630-650
Chlorophyll a 662 670-700
Chlorophyll b 644 650
Chlorophylls ¢ 626637

Bacteriochlorophyll a 773 800-890
Bacteriochlorophyll b 795 1,020
Bacteriochlorophyll ¢ 725-750
9.5 Tuning of Chlorophyllaand 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.
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Band maximum, nm

Qy Qx Soret
Protochlorophyll 623 571 432
Chlorophyll c1 637 585 441
Chlorophyll c¢2 628 579 448
Chlorophyll ¢3 626 586 452
Chlorophyll a 662 578 430
Chlorophyll b 642 550 453
Chlorophyll d 688 - 447
Chlorobium chl. 650 575
(bacterioviridins) 660 622 432

Bacteriochlorophyll a 773 577 358 & 391

Bacteriochlorophyll b 795 582 368 & 407

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 (Q,) 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, “C,720.” 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 Oquist 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 (Oquist 1969). But some
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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 (Palsson et al. 1998). The main long-
wavelength absorption peaks of these long-wavelength forms
are variously given as 708 and 719 nm (Palsson 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 (Palsson 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 z orbitals, forming excimers. It is thus

101

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 z 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, Chlzp,
and Chlzp, 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 Forster
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

Number of conjugated double

Phycobilin bonds
Phycourobilin (PUB) 5
Phycoerythrobilin (PEB) 6
Phycoviolobilin (PVB) 7
Phycocyanobilin (PCB) 8

Absorption maximum in free

Absorption maximum in

form (nm) phycobiliprotein
495

530 545-565
510-570

600 610-671
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Table 9.3 Occurrence of phycobilin chromophores among cyanobac-
terial phycobiliproteins and their @ and b peptides

On a peptide On b peptide
Allophycocyanin 1 PCB 1 PCB
C-Phycocyanin 1 PCB 2 PCB
Phycoerythrocyanin 1 PVB 2PCB
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+1PUB 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)

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. Bjorn, summarized by G.S. Bjorn (1980), L.O. Bjorn
(1979), and Bjorn and Bjorn (1980). The experiments were
mostly carried out on extracts, but in one case (G.S. Bjorn
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
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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
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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
ID). 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
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CO,HCO,H

Fig. 9.3 The isomerization of phycoerythrobilin to phycourobilin.
Note that the conjugated double-bond system is longer in phycoeryth-
robilin (fop) (From Shukla et al. 2012)

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 (CAS) 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
I 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. 9.5 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

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> mol m=2. This gives

0.5
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Pg form (right panel, red line) of RcaE (Hirose et al. 2013). All data are
normalized to unity at the long-wavelength maximum

us the order of the action cross section as 1,000 m? mol™".
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 In(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 3.4x 10 mol m™. This
gives us a rough value for the action cross section (o) at
650 nm of 3,000 m?> mol~'. 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~ 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 & and ¢ standing for absorp-
tion cross sections and quantum yields, respectively, the
rate of Pg formation is d[Pg]/ds=Frate(4){er(1) x ¢prx[Pr]
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—eg(1)x g x[Pg]}, or with simpler notation dPg/ds=Frate
% (orx Pr—og x Pg), where t is time, Frate is photon fluence
rate, or and og 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

In{[or—(or+0g) *Pgllor} =—(or+og) xFrate xt=—(or+
og) X F, where F = Frate xt is the fluence.

Thus, In{[or—(or+0g)xPg]}/or]=—(or +0g)x F which
can be rewritten as 1—(1+o0g/or)xPg=exp[-(or+og)xF],
i.e., Pg={1-exp[—(or+0og)x F1}/(1 +oglor).

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-exp[—(10,000x kr+1,000% kg ) x F |}/
(1+0.1x 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.
1.2
Pr Absorption spectrum
1
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o Squared
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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

L.O. Bjorn and H. Ghiradella

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, a-proteobacteria, y-proteobacteria, 0-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.9.7 Absorption spectra of biliverdin (left) and phycocyanobilin (right) in free form or combined with a phytochrome apoprotein (Agp1) from
Agrobacterium tumefaciens (Lamparter et al. 2002). All pigments in unexcited dark state
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Fig. 9.8 Phototransformations of two phytochromes from Agrobacterium vitis according to Rottwinkel et al. (2010)

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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Fig. 9.9 Green irradiated (382 nm form), solid line, and UV-A irradi-
ated (534 nm form), dashed line, of cyanobacteriochrome from
Synechocystis sp. PCC 6803 (Redrawn from Song et al. 2011)

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 retinal,) 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
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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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11-cis-retinal CHO

11-cis-dehydroretinal CHO

11-cis-3-hydroxyretinal

CHO

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.

. 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
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COOCH,

defarnesylated Chlorobium
pheophorbide methyl ester
650 series fraction 2

11-cis-3-hydroxyretinol

CH,OH

Fig. 9.10 Structures of five chromophores known from animal visual pigments. Several compounds related to the Chlorobium pheophorbide
derivative also occur in dragonfish eyes. 11-cis-3-Hydroxyretinal occurs as two different enantiomers, with different phylogenetic distributions

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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Table 9.4 Spectral effects of amino acid (aa) substitutions in human
cone pigments

Position aa in MWP aa in LWP AM on change

180 Alanine Serine +6

277 Phenylalanine Tyrosine +9

285 Alanine Threonine +15

?e' 482 508 533 570 577 591 613 622
1=

nal

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

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
m-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-
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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,
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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.

m

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 Willstitter, got a surprise
when he compared the structures of the blue pigment of the
cornflower (Centaurea cyanus) with that of the red pigment
of arose. 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

3 ~0—B-glycosyl
O—pB-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

ORs

—HY A +H*
ORS’

OR,
ORs

(colored, usually red to orange)

hemiacetal
(pseudobase)
(colorless)

HO

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

ORs

HO

(colorless)

Z-chalkone
(trans-chalcone)
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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 Willstétter 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.9.14 The structure of gentiodelphin, schematic. In reality the mol-
ecule is more bent, so ring B closely overlaps the double ring A and the
7 orbitals of the ring systems fuse

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 Fe** or AI*; or a
sugar or sugar derivative, while R; and Ry 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 m-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), Fe** and Mg? have been reported as copigment-
ing ions and a flavone as copigmenting phenol. Anthocyanins
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HOOC

HO
HO

Fig. 9.15 According to Goto and Kondo (1991), the blue pigment of
cornflower, protocyanin, is built up of six molecules each of the succin-
ylcyanin cation (top) and the malonylflavone shown in the figure, plus
one Fe and one Mg ion

Fig.9.16 An attempt to show the chiral stacking of delphin molecules.
The sugar groups are omitted for clarity

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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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 z-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
(Bjorn et al. 1985). And indeed, the reflectance spectrum did
change with light conditions. Color photos of the phenomenon
have been published in Swedish journals (Bjorn 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
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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.

ERC | R E

Fig.9.17 A flower of creeping tormentil, Potentilla reptans photographed in visible light (/efr) and in UV-A radiation (right) (Photo by L.O. Bj6rn)
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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).
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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 2x 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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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 = radians) of the electromagnetic waves

denser medium, the oscillation undergoes a phase change by
n 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
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Fig. 10.2 Phase relations during reflection at two consecutive phase
boundaries. The drawing is for the case ny<n,<n,, 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

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, n,, on one
side, a thin film with a different refractive index, n,, and on
the other side a bulk medium with the third refractive index,
n, (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 ny=n,<n;. (A
well-known example in which the relation ny<n; <n, 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 a, and the angle of
refraction in the film as a;; Snell’s law then gives the rela-
tionship ngsin@y=n, sina, or sina; =n,sin ay/n,.

The ordinary Fresnel reflection factors for a single surface
between bulk media 0 and 1 (Chap. 1) are given as

2
R _{n,cos o, — 1, cos a1:|
01—

1, COS O, + 71, COS O,

2
Rt =|M0s & —mcos @
.=
1, €08 o, +7,COS

for light having the electric vector parallel to the plane
of incidence (p-polarization) and perpendicular to it
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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 (M), and the refraction index (n,) 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 # radians for
ny>ny, as with the soap film and the camera lens, but it is O
for n;<ny. The second is due to the longer distance (AB +
BC) traveled inside the film with the refraction index of n, by
the ray reflected from the second surface. Therefore, the
phase difference results in 2n,d(2x/4)/cos a, radians. The
factor 2 at the front stems from the fact that the ray reflected
from the second surface traverses the film twice, and n,d 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 O in the soap film case, because n,>n,, and z radi-
ans in the camera lens case, because n;<n,.

The fourth component of the phase difference is due to
the shorter distance, AD, in Fig. 10.2, traveled in the n,
medium. This phase difference is calculated as

AD-n(2n/A)=AC-sin a, -ny(27 /1)
=2dtan qa, -sin a -n,(27/ 7)
=2d(sin «, /cos a,)-m;sin (27 / 1)
=2ndsin’a (27 / 1)/ cos a, (radians).

If we calculate the phase differences between these two
pathways, we obtain

2md(27/ 1)/ cos @, —2ndsin’a (27 / 1)/ cos a,
=2nd(1-sin’a,)(27/ 1)/ cos a,
=2ndcos’ a, (27 /A)/cos o,

=2n,d cos a,(27 / )(radians),

which directly corresponds to the total phase difference in
the case of ny<n;<n,, because the phase reversal at each sur-
face is canceled, while in case of ny=n,<n,, we have to add
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w 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 n radians. Therefore, when we do
calculations based on the amplitude reflection coefficients,
we do not have to worry about the phase changes of « 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 pm for a thin
film with refractive index n,; between media with refractive
indices n, (incidence side) and n, (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

2 2
LRV 2 S,P S,P S5P .8, P
R —(’"01 ) +(r12 ) + 21,7157 cos 9,

where 7 and r}) 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. o is
the phase difference described above and is expressed as
0=2n,dcos a,(2z/4). 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 =",
al0: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=", nO
INPUT “refractive index of thin layer=
”, nl

INPUT “refractive index of medium 1=", n2
sinal = n0 * SIN(a0O)/nl: al = ATN(sinal/
SQR(1l-sinal * sinal))

sina2 = nl * sinal/n2: a2 = ATN(sina2/

SQR(1-sina2 * sinaZ2))
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$
IF polarization$ = “s” THEN 100

PRINT “Mistake! Try again!”: GOTO 50

100 : rl = (n0 * COS(al0)-nl * COS(al))/
(n0 * COS(a0)+nl * COS(al))

r2 = (nl * COS(al)-n2 * COS(a2))/(nl *
COS (al)+n2 * COS(a2)) :GOTO 170

150 :rl1 = (nl * COS(a0)-n0 * COS(al))/ (nO
* COS(al)+nl * COS(a0))

r2 = (n2 * COS(al)-nl * COS(a2))/(nl *
COS (a2)+n2 * COS(al)) :GOTO 170

170 :0PEN “0”,1,%“clip:"

FOR L = .3 TO 1 STEP .01

delta=4*pi * nl * d/L*COS (al)

I = (rl * rl+r2 * r2+42 * rl * r2 *
COS (delta))

I =1I/(l+4rl * rl * r2 * r2+2 * rl * r2 *
COS (delta))

200: PRINT#1, I:

“p” THEN 150

NEXT L: CLOSE 1: END

We show in Fig. 10.3 the output of this program for a
soap film (n;=1.33) of 0.33-pm thickness with ny=n,=1,
both for normal incidence (a,=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 2x, 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
and the sign of the product r;? ri¥ in the above formula. In
the case of ny=n,<n,, for example, the conditions for the
maximum and minimum reflectance are given as cosé=—1
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Fig. 10.3 Reflection in a soap film of 0.33-um thickness and the
refractive index of 1.33

and cosd=1, because the sign of the product becomes
negative, which result in 2ndcosa;(2a/1)=(2m—1)z and
2n,dcos a;(2n/A)=2mamn, respectively. Thus, we obtain

A ={4md 1 (2m=1)} cos a, ={4nd / (2m-1)} J1=(ny /) sin® @,

A ={4n,d | (2m)} cos o, ={4nd / (2m)} \/l —(n, /m) sin® o

where m denotes any positive integer and we have used the
relation cos ¢, = \/1 —(ny/n,) sin® a -

Next we run the program for a typical camera lens antire-
flective coating with ny=1, n,=1.38 (corresponding to mag-
nesium fluoride), and n,=1.89 (heaviest flint glass). The
optical thickness (thickness x 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 pm (Fig. 10.4).
The wavelengths giving the maximum and minimum reflec-
tance in this case are obtained by interchanging A, and A,
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 = \/no_nz ). 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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Fig.10.4 Reflectance of a lens of heaviest flint glass (n,=1.89) coated
with a quarter-wave thickness (0.107 pm) of magnesium fluoride
(MgF2, n,=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
reflected light gives such a lens a purple tint

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
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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

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 d,, and d, and refractive indices n, and n,,
respectively, as illustrated in Fig. 10.5. We will tentatively
assume n,>n,. 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 & radians, because the condition ny>n,
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

A =2{nyd,, cos a,+nd, cos o}/ m,

with the angles of refraction in the A and B layers as a, and
ay, 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:

A = 4nyd, cos o, /(2m" 1),

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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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).

3.14159
“refraction

pi =
INPUT
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

index of medium and

INPUT “incidence angle, degrees”, aa:IF
aa = 0 THEN aa = .00l:aa = pi * aa/180
sinabb = na * SIN(aa)/nb:ab = ATN(sinab/
SQOR(1l-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 :0PEN “0”,1,%“clip:”

FOR L = .4 TO .85 STEP .001

fia = (2 * pi/L) * da * na * COS(aa) :fib =
(2 * pi/L) * db * nb * SQR(l-sinab *
sinab)

kprim = - (COS (fia+fib) -r * r * COS (fia-fib) ) /

(1-r * r)

k = (SIN(fia+fib)-r * r *
SIN (fib) /2

IF kprim * kprim<l GOTO 100

REM In the following case mu is real
kprim+SQOR (kprim * kprim-1)
kprim-SQOR (kprim * kprim-1)
mul/mu2:IF murat>1 THEN murat

SIN (fia-fib)) /r/

mul =
mu2 =
90 :murat =
= 1/murat
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Fig.10.6 Reflectance at normal incidence of a stack of guanine plates
(n=1.80) with spaces between the plates having a refractive index like
that of seawater (n=1.34). The thickness of plates and of spaces was
chosen such that thickness times refractive index (optical path length)
amounts to 140 nm. This leads to high reflection at 4 x 140 nm = 560 nm

95 :m2 = (murat)” p
RR= 1/(1+4 * m2 *
(1-m2)) :GOTO 200

(I-k * k)/(1-m2)/

100 :REM In the following case mu 1is
complex
costheta = (COS(fiatfib)-r * r * COS (fla-

fib) )/ (1-r * r)

theta = ATN(SQR(l-costheta *
costheta)

RR= 1/ (1+(k * k-1)/SIN(p * theta)/SIN(p *
theta))

200 :PSET (1000 *
RR) : PRINT# 1,RR

costheta) /

(L-.39),310-300 ~*

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
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Fig. 10.7 Reflectance of a stack of 10 plates similar to those in
Fig. 10.5 and with the same medium in between. Reflectance was com-
puted for normal incidence and for an incidence angle of 30° and both
polarizations

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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Fig.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)
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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

surfaces deep grooves that contain extracellular channels
separating fingerlike cellular lamellae. By a reversible chem-
ical cascade involving phosphorylation and condensing of
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permission). (¢) 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

reflecting proteins, the system can change lamella size and
hence color from transparent through a spectrum from red to
blue, or back again.
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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
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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 (n,), the electromagnetic energy will be the highest, while
(b) if it is coincident with the low refractive index layer (n,), the energy
will be the lowest; these together give the highest and lowest energy
limits of the photonic band gap

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
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Fig.10.11 Schematic a
illustration of a 2D photonic

crystal in a square lattice. The (@
average refractive indices are
calculated when light is incident
(a) normal and (b) obliquely to
the lattice for a=0.1~0.5, while
a lattice constant b is kept
constant at unity. The refractive

S. Kinoshita et al.

index of the filled circle is set at
1.5, while that of the surrounding bl a
medium at 1.0

>
.

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.
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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 pm, 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 pm in
diameter and ~0.7 pm in length) were arranged to form a 2D
quasi-square lattice (Fig. 10.12¢, 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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Fig.10.12 Peacock, showing
iridescent feathers. (a) part of
feather barb, showing barbules,
(b) segments of barbule, (¢) 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)

Fig.10.13 Examples of gyroid
structure for r=—1.3, — 1.0, and
-0.7

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 pm in
mean diameter and consisted of a simple cubic network with
a lattice constant of 0.257 pm.

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,p,z)=sinx cos y+sin y cos z+cos x sin z,

which divides a 3D space into two according to a condition
of g(x, y, z)>tor g(x, y, z) <t with t as a parameter. We show
the examples of curved surface calculated for various #’s in
Fig. 10.13. If a space defined by g(x, y, 7)<t corresponds to
a cuticle network, and that defined by g(x, y, z) > 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. ¢ in this case corresponds to a filling
factor of cuticle network and it was reported that for C. rubi,
t ranged —1.4<r<—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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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.

S. Kinoshita et al.

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-pm-wide keratin rods, which supported empty spaces
~0.1 pm 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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Fig.10.14 (a) A common
kingfisher, Alcedo atthis: (a)
Barbs, (b) cross-section view of a
fractured barb, (¢) 2D Fourier
image of the TEM image of its
spongy structure (Reproduced
from Kinoshita and Yoshioka
2005b)

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
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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™! for
(¢) and (d) (Reproduced from
Dufresne et al. (2009), with
permission)

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
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Fig.10.16 (a) Morpho
sulkowskyi and (b) scanning
electron microscopic image of a
cross section of a reflective scale

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 pm 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
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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
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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
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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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Lars Olof Bjorn

11.1  Introduction
Light is important for the biological function of a large num-
ber of proteins. We can group them as follows:
. Photoenzymes
. Light-activated and light-deactivated enzymes
Light-driven ion pumps
. Light-regulated ion channels
. Photosynthetic antenna proteins
. Photoreceptors
. 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.

N N P

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
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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 briefly 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 flash 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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Fig. 11.1 Left Panel:
Reduction of
protochlorophyllide to
chlorophyllide a by transfer of
hydrogen as hydride ion from
NADPH and as proton from
tyrosine in LPOR (From
Reinbothe et al. 2010). Right
panel: The photocycle of LPOR
according to Scrutton et al.
(2012)

Lys

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 (Brocker 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.

L.O. Bjérn
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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 1675 (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 Bg. 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 first 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

Fig.11.2 Types of UV-induced
lesions in DNA that can be
repaired by photolyases (other
kinds of damage that are less
frequent need other systems for
repair). Part of undamaged
DNA-molecule on top. R denotes
H in uracil (U) or CH3 in thymine
(T). The cis—syn CPD is a
diastereoisomer of the trans—syn
CPD (From Weber (2005)
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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 configuration with the adenine part folded
back toward the flavin part, so that both parts are close to the
DNA part to be repaired. While it is the flavin that donates an
electron to the lesion, it is the adenine that conducts the returned
electron back to the flavin (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 flow 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 significantly 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)flavin. 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 firmus (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 influence of the protein.
Nothing is known about the ecological or evolutionary sig-
nificance 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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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 e
chromophore. The excited FAD

receives an electron from a

tryptophan residue in the

photolyase protein and is

converted to FAD™. The donating
tryptophan regains an electron via

a conductor of other tryptophan

residues in the protein. The FAD
semiquinone donates the odd

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- Fo
deazariboflavin. From Benjdia

(2012)

excitation
energy

FAD

Partly redrawn from current opinion in strctural biology

CPD photolyase

Fig. 11.4 Comparison of the enzyme structure around FAD in (a) CPD and (b) (6—4) photolyases (From Liu et al. 2011)

most cases CPD photolyase from Escherichia coli, is used.
There can be various reasons for this. Not always is the sub-
strate specified. 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 finding 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).
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Fig. 11.5 Catalytic cycle of CPD photolyase (From Liu et al. 2011)

11.2.2 Type |l 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
flavin 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 ll 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 sulfite in
darkness. Irradiation with 11 W m2 UV-A (ca 365 nm) dis-
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sociates off the sulfite 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 lon 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
configuration. This causes the pKa to drop (i.e., the dissocia-
tion constant increases) transiently, and the proton becomes
less firmly 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 first metastable state
containing this 13-cis chromophore is called the K state, or
HRg (after its absorption spectrum). From this state the
cycle proceeds forward to chloride transport or reverts to the
original state. The HRgy, state is a minimum energy state, so
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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 purified photolyase.
Upper left panel, photolyases using 8-hydroxy-5-deazaflavin or
8-hydroxy-5-deazariboflavin 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

proceeding from it either forward or backward in the cycle
requires thermal energy. Pfisterer et al. have some interesting
considerations concerning the optimal depth of the energy
minimum associated with the HRg, 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

Wavelength, nm

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 purified CPD
photolyase from Potorous tridactylis (rat kangaroo, a marsupial, Yasui
etal. 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

energy level for the HR, state, and Pfisterer et al. find that
this coincides with the energy level that the HRg 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
first considering proton pumping. The retinal chromophore
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Fig. 11.7 Left panel: The adenine part of the FAD chromophore plays
an important role in conducting electrons between the nucleotide bases
in DNA and the flavin part of FAD. Right panel: absorption spectra for
the different forms of flavin, i.e., neutral (yellow-green), anion (red),
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Fig. 11.8 The halorhodopsin (HR) photocycle. In darkness the halor-
hodopsin exists in the all-trans from shown on fop. The trans-cis photoi-
somerization takes place at the 13-position. Note two different 520 nm
forms (Modified after Pfisterer et al. 2009)

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
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semiquinone (green), and protonated (blue). It is the anion form which
is receiving light energy for repair, either directly or from the antenna
chromophore (which is not shown here), and which therefore contrib-
utes to the action spectra (From Liu et al. 2013)
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Fig. 11.9 Light-induced changes in proton-pumping (lef) and chloride-
pumping (right) rhodopsins. The light-induced trans-to-cis isomeriza-
tion changes the position of a proton bound to the Schiff base nitrogen
in such a way that it becomes less strongly bound and is transferred to
an aspartate residue and from there via glutamate residues to the extra-
cellular space. In the case of chloride pumping, the proton charge pulls
the chloride along with it when the proton moves. The state after the
initial isomerization corresponds to the HRgy state in Fig. 11.8, while
the L1 state in Fig. 11.1 results from the chloride movement (From
Zhang et al. 2011)

and Béja 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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Fig. 11.10 Model of the light-driven sodium ion pump KR2 (From
Inoue et al. (2013), with permission from Nature Publishing Group)

natural condition it transports sodium ions out of cells in the
marine flavobacterium 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 clarified 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
first 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
lon Channels

Kenneth Foster and coworkers were the first 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 first 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
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methods to achieve gain or loss of function of well-defined
events in specific cells of living tissue,” but include in this
chapter also some methods which do not fit into this
definition.

11.6.2 Early Optical Methods for Recording
Cell Processes

The first 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, flavoproteins, NAD) have
prominent absorption spectra which change with oxidation
level. This was exploited by pioneers as Keilin, Warburg, and
Lundegérdh. Also for studies of the photosynthetic process,
absorption spectrophotometry became important at an early
date, but in vivo fluorescence, 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 firefly 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
jellyfish 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 specific 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 modified 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
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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 specifically, via cysteine, to an
ion channel called TrpAl 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 field is provided by Natasha et al. (2013).

11.6.3.3 UV-B-Triggered Protein Secretion

Chen et al. 2013 modified the plant UV-B receptor UVRS to
create a system by which protein secretion can be controlled
by UV-B and which can be used for studying protein traffick-
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 briefly
described below, but (except for the first 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).
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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-configuration; if they are
on opposite sides, the molecule has a trans-configuration.
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) configurations. 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 first priority, hydrogen atoms second priority.

H COOH H COOH

H COOH HOOC H

Z- or cis-form E- or trans-form

Fig. 12.1 A simple example of cis—trans isomerism
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When atoms of same priority are on the same side, we have a
Z-configuration, otherwise an E-configuration.

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** J per molecule) to achieve the rotation. The
energy of a photon is /-c/A (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 first 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 first 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

L.O. Bjérn

a L COO

. . COO™ +
Nlj(\/ ot
l\ trans-urocanic acid l |
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11 010

. cis-urocanic acid

H

pH 7.2 pH 5.6

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

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 (Préle 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-frans form as well as in a
number of cis-stereoisomeric forms. All-frans retinoic acid
binds more firmly to specific nuclear retinoic acid recep-
tors (RARa, RARP, RARY) 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 confirmed. All-frans retinoic acid is
involved in regulating the mammalian circadian clock and to
influence the expression of a number of proteins within the
“clock gene family” via RAR« (e.g., Sherman et al. 2012),
and RARa and RARY exhibit circadian oscillation.
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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
from data in Iole et al. (2005))

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
fluorescent lamps resulted in five 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 Ix white flu-
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 unidentified
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.

OH
D e~
OH OH

OH

Fig. 12.5 Cis-resveratrol (left) and trans-resveratrol (right)

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 fluorescent lamps and especially com-
pact fluorescent 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 (Alvarez 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
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instance, as an antiproliferative and antiinflammatory 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 first 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 sufficiently 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 first in isolated
form (Fig. 12.7) to display in a simple way the phototrans-
formation from the 11-cis form to the all-frans 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
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11-cis-retinal CHO

CHO

All-trans-retinal

Fig. 12.7 Photoisomerization of the isolated retinal chromophore

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 -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 fit 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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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

11-cis-retinal

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 (AG) of a system consists of the change in
total energy (enthalpy, AH) minus an entropy term, TAS. 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 Il 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 sufficiently, 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
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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. 12.9 The frans—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

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;;;, 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 flagellates, but by modula-
tion of the frequencies of spontaneous reversals of swimming
direction. If the light becomes very strong, another signaling
state, SRIs,o, 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, Htrl or Htrll,
respectively. Obviously the conformational change in the
rhodopsins caused by the photoisomerization of the
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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 find 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 figure, in some pigment forms the Schiff base is
protonated, in other forms not (After Hoff et al. 1997, modified)

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



12 Molecules and Photochemical Reactions in Biological Light Perception and Regulation

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.
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Fig. 12.11 The photocycle of PYP, simplified 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. 12.12 A sketch of change of
the PYP chromophore structure in
two steps. The rectangles
symbolize part of the protein. The
cystine residue which forms a
thioester linkage with the
cinnamic acid is outlined. Only
the first step requires photon
absorption and at physiological
temperature is complete in a few
nanoseconds. The second step
takes several milliseconds
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By conversion to the signaling state, forces between dif-
ferent parts of the protein are weakened. It becomes more
flexible, 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 identified 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; Bjorn 1980b; 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 flowering in short-
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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 flipped over, but the ring is still in its original position, with

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 defined, and
this made possible the detection in plants by absorption
spectrophotometry and the subsequent purification 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 filtered through vegeta-
tion or soil, or (with some phytochrome types and more
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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)

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 first shown by Etzold (1965) and Haupt (1970) by
in vivo linear action dichroism and later confirmed by vari-
ous methods (Sarkar and Song 1982; Kadota et al. 1982;
Sundquist and Bjorn 1983a; b; Tokutomi and Mimuro 1989).
At first it was believed that the rotation amounts to 90°, but
the newer experiments and reinterpretation of the old in vivo
experiments (Bjorn 1984) point to a smaller angle. Based on
this and other evidence, Rospendowski et al. (1989) produced
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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-

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
definitions 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; Bjorn 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
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cocyanobilin as chromophore, in which the double bond and CH, group
pointing straight up on top of the right-hand formula is replaced by a
single bond and a CHj; 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 filled symbols) and to the long-
wavelength form (dashed line, empty symbols) (From Bjorn and Bjorn
1978). Somewhat similar action spectra were also obtained for phyco-
chrome a, another polypeptide from phycocyanin (G.S. Bjorn 1980a)

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 fit well with the old spectral
observations. According to the theory proposed by Grossman
et al. (2001), there are, in addition to RcaFE, 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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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 sufficient 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
specific, 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, npql, which lacks a functional vio-
laxanthin deepoxidase and therefore cannot accumulate zea-
xanthin, does not show a blue-light-specific 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 (lino 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 Bjorn 1979 for a review).
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Fig. 12.16 NS5, N10-methenyl-5,6,7,8-tetrahydrofolic acid, one of the
chromophores in cryptochrome, probably acting as an antenna pigment
for the other chromophore, FAD

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 (Bjorn 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 fields on cryptochromes, see Chap. 20 and Ahmad
et al. (2007).

In plants cry?2 represses phytochrome B action and plays a
role in photoperiodism. cryl 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-
methenyltetrahydrofolic acid (Fig. 12.16) and flavin 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
cryl 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 fluence 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 difficult 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 cryl activates an anion
channel in the cell membrane and thereby influences 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, photl and phot2
(Briggs et al. 2001), have been identified, of which photl
acts primarily in phototropism, phot2 primarily in chloro-
plast photomovement.

Phototropin, like the cryptochromes, is a flavoprotein, and
it also has two chromophores per molecule. In the phototro-
pin, however, both chromophores consist of covalently
bound flavine 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 light, oxygen, or
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R = ribose-phosphate-phosphate-ribose-adenine (FAD)

Fig. 12.17 The structures of FMN and FAD in oxidized and reduced
forms and in the half-reduced (semiquinone) form

voltage 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 fluorescence. 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 flavin (Fig. 12.20). This was confirmed 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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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

Absorbance

Wavelength, nm

Fig. 12.19 Light-induced spectral changes taking place in the LOV1
and LOV2 domains of phototropin upon illumination. The arrows point
to isosbestic points (wavelength positions with unchanged absorbance)
(Reprinted, slightly modified, with permission from Salomon et al. 2000)

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 difficult to uphold such a
segregation as more and more interactions between the
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Fig. 12.20 The proposed light-induced, dark-reversible bonding
between FMN and the cysteinyl residue in phototropin (Redrawn and
simplified from (Crosson and Moffat 2001))

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 specific regulatory effects of UV-B
radiation, and it has long been realized that plants possess a
UV-B-specific 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 m-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 UVRS8 photoreceptor is spe-
cific for green plants, but has an ancient ancestry. Also some
cyanobacteria have a receptor for UV-B radiation (Portwich
and Garcia-Pichel 2000).

The strong absorption band of UVRS8 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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interacting with the other monomer in dimer formation, are
particularly important for the function, and W285 is
indispensable.

The UVRS8 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
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Fig. 12.21 Examples of action spectra for processes thought to be
mediated by a special UV-B receptor: (induction of flavonoid synthesis
(Beggs and Wellmann 1995) and of anthocyanin synthesis (Takeda and
Abe 1992) compared to the absorption spectrum for UVRS8 (Christie
etal. 2012)
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dimer (right) showing how oppo-
site charges hold the dimer
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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 fluence 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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Fig. 12.23 The xanthophyll 3’-hydroxyechinenone present in OCP

Fig. 12.24 Light-induced
transformation of OCP from the OCP°
(low light) state to the OCP" (high light)
state and following attachment to
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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 fluorescence
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 affinity
for the phycobilisome. A second protein, called FRP (for

+FRP
dimer

OCP",
=g}

Phycobilisome

“Fluorescence Recovery Protein) is required to release it
again when incident fluence 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 fishes, is of more recent date. Even in the phytochrome
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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 Classification

of Photoreceptors
Photoreceptors can be classified 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

Type of chromophore, e.g., flavine, retinal, bilin

4. Occurence in the cell, e.g., cell membrane, other mem-
brane, cytosol, nucleus

5. Domain (e.g., PAS (Moglich 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

et

To a certain degree some of these classifications 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 flavin (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 difficult to find a com-
pletely logical and still useful classification 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 classification within each of
these main groups. We will use the following classification:
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 (UVRS)

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 (Miiller and Carell (2009). The antenna
chromophore is in some cases 5,10-methenyl tetrahydrofolate
(MTHF) (Oztiirk et al. 2008). but can also be FMN, FAD,
8-hydroxy-5-deazaflavin, 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.

L.O. Bjérn

Photolyase genes occur in virus (Enfomopoxvirinae) 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-Lled6 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 simplification, 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.
2.2.

Class 2 CPD photolyases

Plant cryptochromes (probably evolved from early
form of 2.1)

3.1.

Single DNA strand

cryptochromes

photolyases/DASH

3.2.
3.2.1.
3.2.2.

(6—4) photolyases
Animal cryptochromes
3.2.2.1. Insect type 1+sponge+Cnidaria
cryptochrome
Insect type
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 first 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
Sujikuroi 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

3.2.2.2. 2+ vertebrate
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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-Gonzdlez and Marin 2004).
Rhodopsins can also be classified according to function as
ion-transporting, sensory, and others. The two classifications
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
difficult 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 finding of Devine et al. (2013) that the structural
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Fig.13.1 Evolutionary tree of type 2 rhodopsins (Redrawn and simpli-
fied after Porter et al. 2012)

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-Gonzilez and Marin (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 first 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 first 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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13.5 Photoactive Yellow Proteins
(PYPs, Xanthopsins)

The first photoactive yellow protein (PYP) was discovered in
1985 (Meyer 1985) in the purple photosynthetic bacterium
Ectothiorhodospira halophila (laterrenamed 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 classified into eight main groups based
on base sequences. This classification is completely different
from the classification 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. a-, y-, and &-Proteobacteria

II. «- and y-Proteobacteria

III. Bacteroides and Spirochaetes
IV. a-Proteobacteria
V. Bacteroides, p-, y-, and d-Proteobacteria
VI. d-Proteobacteria
VII. y-Proteobacteria
VIII. a—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 first discovered in land plants and then
also in green algae. These first discovered members of the
superfamily are receptors specialized for red and far-red
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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 Blue Light photoreceptor Using FAD, but
the concept does not include the likewise FAD-containing
cryptochromes. They are defined 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 UVRS) long evaded discovery. BLUF receptors
were first 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 identified 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 flavin 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
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(Huala et al. 1997; Christie et al. 1998) who identified the
receptor as a novel type of flavoprotein, 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 fla-
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-specific photoreceptors described below,
while the situation in other cases is at present uncertain,
since the organisms contain also rhodopsins and flavin 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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Fig. 13.2 Structures of (a) hypericin, (b)
stentorin, (c¢) blepharismin, (d)
oxyblepharismin, and (e) plausible formula for
maristentorin (From Mukherjee et al. 2006)

13.10 The Plant UV-B Receptor, UVR8

It has long been realized that plants possess a UV-B-specific
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 n-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
UVRS photoreceptor is specific 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 finally results in multiple developmen-
tal processes, including seed germination, seedling photo-
morphogenesis, phototropism, gravitropism, chloroplast
movement, shade avoidance, circadian rhythms, and flower
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
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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 clarification, we
here define 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 five phytochromes (PHYA to PHYE)
that perceive red/far-red light, three cryptochromes (CRY 1
to CRY3) and two phototropins (PHOT1 and PHOT?2) that
sense blue/UV-A light, and one known UV-B photoreceptor
(UVRS) 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 PHY's, which leads to alter its sta-
bility and affinity 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 flavin adenine dinucleotide chro-
mophore (Yu et al. 2010). Arabidopsis has three members of
this family, CRY 1, CRY2, and CRY?3, 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 CRY 1
and CRY?2 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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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 (P®B), 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 flavin mononucleotide
(FMN) chromophore-binding LOV domains (LOV1 and LOV2).
Cryptochromes 1 and 2 have an N-terminal photolyase-related (PHR)

autophosphorylation of CRY 1 and CRY?2, resulting from the
conformational change in the C-terminus CCT domain by
the activation of the N-terminus CN'T domain. Phosphorylated
CRYs can be dimerized and possibly interact with down-
stream factors (Sang et al. 2005).

Phototropins (phots) are the plant-specific blue light
receptors with serine/threonine protein kinase activity. They
bear two LOV domains that bind flavin mononucleotide
chromophores (Christie 2007). Several transient develop-
ments, including phototropism, chloroplast movement, and
stomatal opening, are controlled by them. Arabidopsis
PHOT1 and PHOT?2 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 PHOT?2, initiating the transduc-
tion of the light signal (Christie 2007).

UV-B Photoreceptor: UVRE (UV RESISTANCE LOCUS
8) is the recently identified UV-B-specific photoreceptor,
with two tryptophans (W233 and W285) as the chromo-
phores. In the absence of UV-B radiation, dimeric UVRS 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.

W N N N ON N N el

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 flavin adenine dinucleotide
(FAD), and a pterin. UVRS is a seven-bladed f-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

14.3 Simplified 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 simplified 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
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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). Briefly, the complicated signaling
pathway downstream of light photoreceptors is mainly
classified 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 identified UV-B
receptor UVRS, this signaling pathway can be structurally
described. Upon UV-B irradiation, UVRS is activated by
converting from dimers to monomers (Rizzini et al. 2011).
The monomerized UVRS further interacts with COP1 to
promote its accumulation (Favory et al 2009). COP1 then
stabilizes the central transcription factors HYS and its
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Fig. 14.2 A simplified light signaling pathway in Arabidopsis. Under
light, the photoreceptors suppress two main branches of light signaling,
COP1-HY5 and PIFs. COPI, which is repressed by phytochromes and
cryptochromes, is an ubiquitin E3 ligase, and it directly targets HYS 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

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
UVRS dependent. To fine-tune this linear pathway, several
components have been identified 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
onHY5 (Jiangetal. 2012). FHY3 (FAR-RED ELONGATED
HYPOCOTYL 3) and HYS 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
UVRS to act as negative feedback regulators (Gruber et al.
2010). It has been reported that RUP1/2 mediate the redi-
merization of UVRS, leading to the disruption of UVRS-
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).
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Fig. 14.3 UV-B signaling pathway in Arabidopsis. The UV-B radia-
tion is specifically perceived by the UV-B photoreceptor UVRS, result-
ing in the rapid accumulation of COP1 and its interaction with UVRS.
COP1-UVRS interaction presumably stabilizes and activates HYS 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 UVRS, the BBX24 protein fine-tunes the UV-B
responses by impinging on HY5. FHY3 and HYS have the ability to
bind to COP1 promoter to control the expression of COP1

14.4 Signaling Cross Talk Between
Light and UV-B

14.4.1 Introduction

Before the identification of UVRS, 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 cryl, but cryl 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 cryl-deficient 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
PHOT?2 (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, photl/phot2
double mutants show normal stomatal opening in response to
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UV-B, and green light fails to antagonize this process
(Eisinger et al. 2003), indicating that photl 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 difficult to identify in large genetic
screening. The phenotypes with shorter hypocotyl and higher
pigment accumulation under low-fluence rate of UV-B are
easier to screen by the eyes. Thus, all the regulators in UV-B
signaling are identified by these two phenotypes. Moreover,
hypocotyl growth inhibition and pigment accumulation are
also featured in light photomorphogenesis. With the identifi-
cation of UVRS, 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 finger E3 ubiquitin ligase, which
consists of three functional domains: a RING finger 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 HYS) to
repress the light photomorphogenesis. While, in the presence
of light, COP1 is inactivated, resulting in the stabilization of
HYS5 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-specific SPA
proteins, which is physically interacting with COP1 through
the coiled-coil domain (Laubinger et al. 2004).

The copl 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 difficult to
investigate under UV-B, but after prolonged UV-B treatment,
copl—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 copl—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
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UV-B (Huang et al. 2012). The rapid interaction of UVRS
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 HYS5 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 field 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 identified as key regulators during seedling
morphogenesis. One of them is HYS, which is a target of
COP1 for 26S proteasome-mediated degradation (Osterlund
et al. 2000).

HYS5 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 HYS5 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, HYS also guides the posttranscriptional regula-
tion systems. For example, HYS regulates eight miRNA
(micro RNA) genes that in turn control the transcript abun-
dance of specific target genes. Overexpressing HY 5-targeted
miR408 resulted in phenotypes that are opposite to the hy5
mutants (Zhang et al. 2011). Therefore, HYS 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 HYS functions as a cen-
tral transcription factor. More than 10,000 genes are found to
be regulated by HYS (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

181

transcription factor, HYS 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 identified HY5-binding regions (Zhang et al. 2011). Most
surprisingly, histone modification is involved in HYS5-
mediated gene regulation. Comparing the pattern between
wild-type and hy5 seedlings revealed that the level of per-
missive H3 histone modifications (acetylated H3K9 and tri-
methylated H3K4) was increased, while that of the inhibitory
histone H3 modification (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 HYS, including the genes involved in UV pro-
tection (Ulm et al. 2004). Therefore, similar to the role in
light signaling, HYS is also a central transcription factor in
UV-B-responsive pathway. However, the function of HYS in
UV-B signaling is under the control of UVRS, rather than
other photoreceptors, because UV-B-induced upregulation
of HYS does not show any changes in various photoreceptor
mutants (Ulm et al. 2004). UV-B-induced HY5-dependent
genes have a large overlap with UVRS8- 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, UVRS 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 HYS expres-
sion is tightly regulated by UVRS. In contrast to the COP1-
mediated degradation of HYS in darkness, COP1 is required
for the HYS expression under UV-B (Oravecz et al. 2006). In
turn, HYS is found to bind to the ACGT-containing elements
(ACEs) within the COP1 promoter to upregulate COPI
(Huang et al. 2012). Thus, HYS is involved in a positive
feedback loop to fine-tune the UV-B responses.

14.4.4 BBX24/STO Negatively Modulates
Light and UV-B Signaling

STO is a B-box-type zinc finger protein with sequence simi-
larities to CONSTANS (Griffiths et al. 2003). It was identified
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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 deficient of the catalytic
subunit genes (cnalcna2) or the regulatory subunit gene
(cnbl) (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/BBX?24 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/BBX?24 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 HYS
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/
BBX?24 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/BBX?24 under UV-B (Jiang et al. 2012). This indicates
STO/BBX24 acts downstream of UVRS, because UVRS-
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 UVRS8 (Jiang
et al. 2012). As a central transcription factor in both light
and UV-B signaling, HY5-STO/BBX?24 interaction seems
essential to the negative function of STO/BBX24. The
UV-B-induced accumulation of HYS is reduced by STO/
BBX24, and even the transcriptional activity of HYS is also
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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 HYS, but one should keep in mind that STO/
BBX24 is also a transcription factor. The targets of STO/
BBX?24 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
identified two pairs of homologous genes essential for PHYA
signaling: FHY'1 (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 FARI/FHY3, trans-
posase-derived transcription factors, through directly binding to
the promoter region of FHY 1/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 HY is reported to bind to the FHY I/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 HYS
interferes with FHY3 for binding to the FHY1 promoter (Li
et al. 2010). Moreover, HY5 has a physical interaction with
FAR/FHY3, but HYS is a repressor for FHY 1/FHL, while FAR/
FHY3 is an activator (Li et al. 2010). These provide a compli-
cated mechanism that HYS works together with other cofactors
to fine-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 FHY 1, 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 FHY indicate a fine-tuning of light signals that
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distinguish the PHYA signaling from UV-B pathway. UV-B
can attenuate the interaction of HYS 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 HYS5 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 UVRS8-, COP1-, and HYS5-
dependent manner (Gruber et al. 2010). RUPs interact with
UVRS8 resulting in modulating UVRS8 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. UVRS and COP1 are essential to this
biological process, and HYS5 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-specific 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 identification of UVRS as a UV-B receptor, the pho-
tomorphogenic UV-B signaling is getting better to be under-
stood. But UVRS is likely the “strangest” photoreceptor
when compared with others (i.e., intrinsic tryptophan vs.
bounded cofactor as a chromophore, dimer to monomer vs.
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monomer to dimer, or phosphorylation to activation).
Meanwhile, UVRS 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/fhyl 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 fluores-
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
(Bose et al. 2004). After all, this challenging evidence is dif-
ficult to understand unless the finding 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 finding suggests that phyto-
chrome is associated physically with phototropin at the
plasma membrane in moss Physcomitrella patens (Jaedicke
etal. 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 fluo-
rescence complementation, and co-immunoprecipitation,
Pp.phy4 is confirmed 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 photl 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-photl 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 specifically
activates the phytochrome photoreceptor) can significantly
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-
deficient 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 cryl 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 cryl 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 cryl (Ahmad et al. 1998).
The phyA-cryl interaction is further confirmed in the yeast
two-hybrid assay, where both photoreceptors form a better
conformational activity than in vitro purification (Ahmad
et al. 1998).

Loss of cryl activity in turn impairs the phytochrome
responses. The time to flowering 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, deficient in cryl
protein and showing reduced responsiveness to red light,
flowered significantly earlier than the wild-type parent
(Ahmad and Cashmore 1996). This result indicates a direct
interaction of the mutant alleles of CRY 1 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 UVRS8 could associate with
other photoreceptors. Different light colors that selectively
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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 finger) transcription factor (Kang and
Singh 2000), and the function in light signaling is identified
through an activation-tagging mutagenesis of phyB (Ward
et al. 2005). A gain-of-function mutant, sobl-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 cryl in blue light.
These suggest that OBP3 is a negative regulator of cryl-
mediated cotyledon expansion (Ward et al. 2005). Thus,
OBP3 is a component in phyB and cryl 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 cryl. But these pro-
vide the solid evidence that OBP3 represents a connection
between phyB and cryl 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/hfrl 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, hfrl mutants exhibit reduced
de-etiolation responses, including hypocotyl growth,
cotyledon opening, and anthocyanin accumulation (Duek
and Fankhauser 2003). Moreover, the functional cryl, not
cry2, is required for the hyposensitive to blue light, but HFR1
is not important for the normal accumulation of cryl (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 cryl signaling.

SUBI (short under blue light 1), encoding a Ca2+-binding
protein, is first identified 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). subl is epistatic
to cry2 in blue light, and phyA is epistatic to subl 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 significantly enhanced in sub1 mutant, and this enhance-
ment is also observed in light-induced HY'S protein accumu-
lation (Guo et al. 2001). Therefore, SUB1 defines 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. HYS and COP1 represent two typical integrators,
which master the signal transduction under all photorecep-
tors. More specifically, here we discussed three components
integrating the phytochrome and cryptochrome signaling.
OBP3 has a dual function, HFR1 is a positive regulator, and
SUBI1 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 first 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
Backfisch 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.
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From the formula derived in the legend of Fig. 15.2, we
can see that:

1. For fixed n,, n,, and R, the smaller is a, the larger is b.

2. For fixed a, n;, and n,, the smaller is R, the smaller is b.

3. For fixed a and R, the larger is the difference between n,
and n,, the smaller is b.

4. For infinitely large a, i.e., point A at infinite distance,
n,/b=m,—n)/R, or b=R-n,/(n,—n,). 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
first approximation to judge the refractive power P, of
the outer external surface of the eye using the dimensions
in Table 15.1: P,=(n,—n)/(n,R)=(1.3777-1)/0.00777
m~'=48.52 m~! (or 48.52 diopters or 48.52 D). As we
can see in Fig. 15.1, the inner surface of the cornea is

Cornea Retina

Vitreous

\
3 Lens 4 humor J

Aqueous
humor

Fig. 15.1 Longitudinal section of a human eye (schematic). The num-
bers indicate the numbering of interfaces used in the calculations in the
text
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A
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Fig. 15.2 Refraction of light at a spherical interface between media
with different refractive indices, n, and n,. 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 a,
the angle of refraction f. The shortest distance of A from the interface
is a; that of B is b. For small values of & we have the following relations:
hIR=sin(y)~y; hla=tan(a—y)~a-y; hlb=tan(y—f)~y—pf.  From
this follows that 4/R+hla~ a=sin(a)and h/R+h/b~ = sin(p). Since,
according to Snell’s law (see Chap. 1), n;sin(a) =n,sin(f), it follows that
n(h/R+ hia)=ny(h/R+h/b), i.e., n(1/R+1/a)=ny(1/R+1/b) (indepen-
dently of h as long as /4 is small compared to R), or n/a+n,/b=(n,—n;)/R

Table 15.1 Properties of eye components

Refractive
Eye component Distal R Proximal R Thickness index
1. Cornea 7.71 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)

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,=—6.34 m™".

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~'=42.18 m~'. But a more correct calculation
is to take the distance between them, d; ,=0.5 mm=0.0005 m,
into account using the formula P, ,=P,+P,—P;-P,-d;,/n;,
=48.52-6.34+48.52-6.34-0.0005/1.3777 m~'=42.29 m~".
Here d, , stands for the distance between the interfaces and
ny, 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
powerofthefrontsurfaceofthelenstobe P;=(1.4000—1.3371)/
(12.40-0.001)m™'=5.31 m™! and that of the back surface
P,=(1.3377-1.4000)/(-8.10-0.001)m '=7.69 m~!. 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
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which the light is coming. The total refracting power of the
lens is P3,=5.31+7.69-5.31-7.69-4.02-0.001/1.4000 m!
=12.88 m~!. 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: Pee=Pi,+P34—P,-P;34-16.4-0.001/
1.3371 m~'=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(a) = a~sin(a). 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 fibers 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 fishes
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 fish 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 fish 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 fish 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).
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Fig. 15.3 The shape of the
human lens in an eye adjusted
for vision at a distance (/eff) and
on a nearby object (right)

Fig. 15.4 Refraction of light in a homogeneous sphere

In Fig. 15.4, we see a ray of light entering from a medium
with refractive index n,; into a sphere of refractive index n,
and exiting on the other side into the medium of refractive
index n;. 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  and . For the first refraction
the angle of incidence is a and the angle of refraction 3, since
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the radius is perpendicular to the sphere’s surface at the point
of intersection. The relation between a and f, according to
Snell’s law, is n, sin(a) =n,sin(f). 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 f,
and so the angle of refraction there must be a, again accord-
ing to Snell’s law. Since the sum of angles in a triangle is 7,
the third angle in the isosceles triangle just referred to is
z — 2p, and the angle y is z—a—(n—2f)=2f—a. We express
the angles in radians here and in the following calculations.
The angle  is 7—y—(the top angle in the triangle containing y
and o). This angle, as can easily be seen in Fig. 15.3,is 27— a
— p, and it follows that 6=z—y—Q2a—-n—-f)=2-2-a)—(2
r—a-p)=2a0-p-n.

We can now calculate the distance between the focal point
and the center of the sphere as R-cos(y)+ R - sin(y)/tan(d).
Using the other relationships we have derived, this can be
expressed in terms of R, a, n;, and n,. 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
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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

axis. It is this deviation from good focusing that is called
spherical aberration.

15.4 An Eyein Water: The Solution

The solution to this problem used by most fishes 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
deflected 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 8 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 6, r. We further use
the following variables: ng, neoq, and ne. — 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 @, and the
refraction angle at this refraction is f. The relation between
them is the usual Snell’s formula: n; - sin(a) = - Sin(f). We
can then see from Fig. 15.6 that, as we follow the ray a short
bit into the sphere and @ is increased by a small amount, d@
(much smaller than in the drawing), then r decreases by the
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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

amount dr=r-d6f/tan(5). When we know the decrease in r,
we can compute the increase in refractive index, dnr, 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 n, is given as the following
function of the refractive index n.,. in the center of the
lens and n. in the periphery, radial distance r from the
center of the lens, and K = (1. /neqre) — 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 n, as we proceed inward in the
lens, because then also dr is negative. Eventually both dr and
dn, 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 figures such



15 The Diversity of Eye Optics

as Fig. 15.7 on their own computers. For other eyes there are
various formulas like the one for n, 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 fish 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 fishes. 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 fishes
(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 fishes 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 fishes have ultraviolet
vision (some are also sensitive to light of longer wavelength
than we are). But fishes have their tricks, too. Kroger and
Campbell (1996) found that the longitudinal chromatic aber-
ration was less than predicted from lens dispersion in several
fishes. The reason for this was found (Jagger 1997; Kroger
et al. 1999) to be that, for a fixed wavelength, different zones
of the lens have different refractive powers, by having
slightly different radii of curvature. This makes light from at
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least one zone produce a sharp image for each spectral band
(although some blurring will be produced from the other
zones). Another structural finesse 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 specific 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 fishes. 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 fish, it can be assumed that it would
be of great advantage to be able to see the fish 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 fishes and marine mammals (Strod
et al. 2004). On the other hand, cormorants are able to fish 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 flat 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 flat and a pupil which

Fig. 15.8 The Atlantic flying fish has a pyramid-shaped cornea with
three flat “windows” (From Baylor 1967)
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closes to a vertical slit, so in sufficiently 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 flying fish 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 fishes, it has
a pyramid-shaped one with three flat “windows.”
Measurements show that this allows it to see reasonably well
at a distance during its flight (Baylor 1967; Fig. 15.8).

A somewhat similar arrangement, but with two flat win-
dows, is present in another fish, Mnierpes macrocephalus,
living in the intertidal region (Graham and Rosenblatt 1970),
and also in Coryephoblennius galerita, a fish living on rocky
shores, which frequently makes excursions out of the water
(Jermann and Senn 1992). The latter has one flat cornea win-
dow pointing up and a curved one pointing down. The most
interesting is the “four-eyed fish,” 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. 15.9 (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 flatter 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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L
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Fig. 15.10 Part of the retina of
an oilbird with multiple layers of
rods (From Martin et al. 2004)

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 fits together so well in an eye? The
cones (or thabdomeres 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 fish 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 finds 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 (Kroger et al. 2001), as well as the
size of the eye (Kroger 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 (Kroger 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
reflect the light from the car’s headlights with their eyes.
They have a reflective tapetum, a mirror, behind the light-
sensitive cells, which directs any light that has escaped being
caught in the first pass back through the light-sensitive layer.

The oilbird, Steatornis caripensis, lives in caves in
Venezuela and Trinidad and flies 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 first layer may therefore be absorbed in the second
or third. Surprisingly, though, the oilbird seems to lack a
reflective tapetum. Also many deep-sea fishes 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 first 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
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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

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 reflection optics (e.g., Gaten

1994; see also section 15.11 on mirror
optics below) and those with a
combination of refraction and reflection
optics

(Gdl 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-
sified 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.

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)

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., Belusic 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
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Fig. 15.13 Light propagating along an internally reflecting cylinder according to ray optics

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
dragonflies 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 first 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 simplification 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 simplified 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

TE, TE, TE, TE,

Fig. 15.14 Electric fields of modes propagating in a cylindrical light
guide. The arrow shows the direction of light propagation and also the
direction in which field strength is plotted. Note that with increasing
mode number, more and more of the electrical field, and thus the elec-
tromagnetic energy (which is proportional to the square of the field
strength), appears outside the fiber

propagate in as many ways as in a larger space. Such a light
conductor can be a thin fiber 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 reflection. 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
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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-field 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-field,” a part of the electromagnetic field 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-n)=(n;-ny) * (n;+n;)

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;) of 1.347, as
compared to the refractive index of the surrounding sub-
stance (n,), 1.339.

Thus, V=22(1000/500)-(1.3472-1.339%)2=27-2-(0.00
8-2.686)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 field outside it). The
total energy distribution of all the modes is not obtained by
adding the energy distributions but by adding the electromag-
netic fields 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 butterflies 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 field 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 butterfly brain will be
sharper than it would otherwise be.

15.10 Nipple Arrays on Insect Eyes

As was briefly mentioned in Chap. 1, some insect eyes carry
tiny structures on their lenses that decrease reflection 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.15.16 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. 20006)

discovered that the corneal surface carried cone-shaped
protuberances termed nipples, about 200 nm in height and
arranged in a hexagonal array. The antireflective 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 butterfly species has been carried out by
Stavenga and coworkers (Stavenga et al. 2006). They
modeled the reflectance from dimensions and optical the-
ory. It was found that the reflectance 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 reflectance for normally
incident light.

Nipples and similar antireflective 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 (reflection) optics or a combination
of refraction and reflection optics. How biological mirrors
themselves are constructed and function is described in
Chap. 10, so we will skip this subject here. One place for
reflectors 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 reflection optics will be
described here, and the reader is referred to Land (2000) for
details and further examples.

One eye that combines refractive and reflective 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 reflects the rays
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Fig. 15.17 Scallop eye,
schematic (Modified 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
reflection 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

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 crayfish, lobsters, shrimp, and prawns can see, until Vogt
(1975, 1977) discovered that their compound superposition
eyes have reflection optics. The principle is shown in
Fig. 15.18. Note that the corneas are flat. The material below
them does not have a refractive index so that it can produce
an image. It is instead the reflective 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 reflection 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 deflected by
ordinary lenses, and one must use either reflecting optics or
so-called zone plates, based on diffraction, somewhat resem-
bling transmission gratings, but with circular geometry.

L.O. Bjérn

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 field 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™' min, getting alternatingly
closer and further apart. In this way, they scan a thin strip of
the visual field.

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
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Fig. 15.18 Crayfish 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 reflected 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

s ]L ——KKp—

Secondary
lens

retina

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)

movements expand the visual field. Even unicellular
organisms like Euglena or dinoflagellates, 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 flight of some insects with fixed 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-
fish 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. 15.20 Sketch of a Copilia eye (left) and detail of the inner part
(right) (From Wolken and Florida 1969)

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

Fig. 15.21 Robert Hooke’s (1665) drawing of the head of gray
drone fly

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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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,
arag 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 fly by transfer of a mouse gene (Pax6) which induces
eye formation in that animal or a similar gene from a fruit fly
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 specific 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 specifically 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.
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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 B-carotene but in the cyanobacterium
Synechocystis by oxygenation of a f-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
specific 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 p-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
first 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 dinoflagellates 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 dinoflagellate structure could be an eye
precursor, since the rather advanced eyes of trilobites prob-
ably evolved before dinoflagellates.

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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Fig. 15.22 Tube foot expression of r-opsin in S. purpuratus. (a) Adult
specimen. (Inset) Tube feet extended between spines. (b) Sp-opsin4
RNA probe (black) and antibody (yellow) clearly colocalize in disk
photoreceptive cells. (¢) Sp-opsind-positive photoreceptive cells (red)
at base (bPRCs) and disk (dPRCs) of primary podia in an early juvenile

gradients of the same type as described above for the lenses in
fish 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-Liiter 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 first 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.
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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,)
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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Fig. 16.1 An electron micrograph of a section of a chloroplast from
tobacco leaf (top) and the same at a higher magnification (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)

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)

Stroma lamellae

FNR F-ATPase

Grana

Stroma PSII

iy

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
(Pg), 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 flowing 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)

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 fixation 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 fix carbon dioxide, such
as 2,3-diketo-5-methylthiopentyl-1-phosphate enolase in
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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 specific 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 flow over a chain of electron
carriers. Of these, Pheo (pheophytin), Q. and Qg (both quinones), as
well as A, (chlorophyll), A; (vitamin K), F, and F,, and Fy (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*
and QB nd required for the reduction of QB. An account of the research
that has led to the Z-scheme is given by Govindjee and Bjorn (2012)

CO,

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,).
The nonequilibrium distribution of hydrogen ions ultimately results in

Bacillus subtilis (Ashida et al. 2003, 2005), and it may have
evolved from a protein involved in sulfur metabolism.
When the first photosynthetic organisms appeared, they
inherited many useful biochemical components from their
nonphotosynthetic predecessors, including soluble compo-
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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

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 sulfide. 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
fix N, (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 finding 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; Lowenich et al. 2008).

16.5 The First Photosynthesis

The first 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 first 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 fila-
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.

L.O. Bjorn and Govindjee

Where is the origin of this first 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. Bjorn (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 sulfide (Tapley
et al. 1999).

Hirabayashi et al. (2004) have cultivated a photosynthetic
bacterium, Chlorobium phaeobacteroides, in very weak light
(less than 3 pmol photons m™ s™! 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
m2sth

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 sulfide 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. Chloroflexus aurantiacus,
with a photosystem of type II, has about the same pigment
complement as Chlorobium tepidum with a photosystem of
type 1. 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 sufficient 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 Bjorn 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 first. 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 first pho-
tosynthesis was mediated by a pigment, a couple of steps
further back in the biosynthetic path, namely, protoporphy-
rin IX. The absorption coefficient of this compound at its
long-wavelength absorption maximum is 7,000 M~ cm™!
(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 final 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 specifically 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 find it likely that either Chloroflexi 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 Chloroflexi 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.
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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 find it likely that the first 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 difficult to define 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 thodopsin was first known from halorhodopsin
in Halobacterium. A variant of this rhodopsin, known as pro-
teorhodopsin, is found not only among a- (Stingl et al. 2007),
-, and y-proteobacteria, such as the classical organohetero-
troph Vibrio campbellii (Wang et al. 2012), but also among
Bacteriodetes (Gomez-Consarnau et al. 2007,2011, Gonzalez
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 (Gémez-Consarnau et al. 2007,
Steindler et al. 2011).
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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 first to either
Cyanobacteria or Chloroflexi. He regards Chlorobi as descendents of
Chloroflexi, despite the differences in the reaction center type they
have BChl, bacteriochlorophyll; Chl, chlorophyll; ELIP, early light-

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

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)

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-
flagellates, 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. 16.7 The energy harvesting system of Roseobacter and
related bacteria (from Wagner-Dobler and Bibl 2006)
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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

ATP ADP + P

H+

molecules, arranged as a tightly coupled pair in most anoxy-
genic autotrophs and in PSI. The “special pair” arrangement
gives a lower-lying first 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
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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 finding of Warburg et al. (1965) that
oxygen evolution is stimulated by carbon dioxide may have
been the first 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
etal. (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
first 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 first 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 first 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
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their interpretation is often debated. Perhaps, 2-a-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 (Hértner
et al. 2005) and, in particular, those carrying out photosynthe-
sis with Fe** 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 first 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 Krapez 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 first 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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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 1 photosystem or as
Chloroflexus or Rhodopseudomonas with a type II photosystem).

oxygenic photosynthesis evolved from a pathway for detoxi-
fication 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; itis 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 finding 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.

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)

20006). 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 superfluous and disappeared. The first 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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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 first (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 fluctuations in the oxygen content (Canfield
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 filled 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 Uber
Natur und Ursprung der Chromatophoren im Pflanzenreiche.
Biol. Centralbl. 25, 593-604. Annotated English translation by
W. Martin and K.V. Kowallik (1999) Eur. J. Phycol. 34,
287-295
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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 dinoflagellates, 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 first 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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Fig. 16.9 1,200-Ma-old fossils of the red alga Bangiomorpha pubescens (from Butterfield 2000)

and phycobilins for light harvesting (Hess et al. 1996). Most
researchers, therefore, now believe that the first 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 difficult 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 (Butterfield 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 sulfide 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
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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 Bjorn
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., Bjorn 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 filtered through water, which absorbs long-wavelength
light more strongly than other visible (and photosyntheti-
cally active) light. Therefore, a deficiency 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 IT and by PS I.

For land plants, the situation is different. The first 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 first 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
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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 find 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 reflect 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 filtered 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 difficulty 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 first 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 first 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 affinity 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 efficiently
with oxygen for the common binding site. There is also the
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Table 16.1 Pathways and Enzymes for CO, Assimilation

CO,-binding enzyme Pathway for CO, assimilation
Ribulose-1,5-bisphosphate-
carboxylase-oxygenase
(RuBisCO, rubisco)

Phosphoenol pyruvate carboxylase
(PEPC)

Formate dehydrogenase
Carbon monoxide dehydrogenase

Pyruvate:ferredoxin
oxidoreductase

Calvin—-Benson cycle

C4 and CAM cycles

Acetyl-CoA pathway
Acetyl-CoA pathway

Arnon—-Buchanan cycle
(reductive TCA cycle)

2-Oxoglutarate: ferredoxin Arnon—Buchanan cycle

oxidoreductase
Isocitrate dehydrogenase Arnon-Buchanan cycle
Arnon—Buchanan cycle

3-Hydroxypropionate cycle

Pyruvate carboxylase
Acetyl-CoA carboxylase

Propionyl-CoA carboxylase 3-Hydroxypropionate cycle

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 fixation 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, fixation 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; Stromberg and Mclnerney 2011). C4 metab-
olism (Fig. 16.11) became a significant 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
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Fig.16.10 Metabolic cycles for assimilation of carbon dioxide present
in various prokaryotes: (a) the Calvin—-Benson cycle, (b) the reductive
TCA (TriCarboxylic Acid) cycle (Arnon—Buchanan cycle), (¢) the
reductive acetyl-CoA pathway, and (d) the 3-hydroxpropionate cycle.
Of these only the Calvin—Benson cycle is present in photosynthetic

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
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eukaryotes (cyanobacteria, algae, and plants). C: assimilated carbon,
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phosphate groups, CH;—: enzyme-bound methyl group, CO—: enzyme-
bound carbon monoxide (from Hiigler et al. 2003)

atoms, hence the designation C4 metabolism. In C3 metab-
olism, the first 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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Fig. 16.11 Carbon dioxide assimilation in C4 plants. The first cycle (see the left box) concentrates carbon dioxide at the rubisco, and the assimila-

tion itself proceeds as in C3 plants (see the right box)

PEPC binds bicarbonate very tightly and lowers the relative
binding of oxygen.

C4 carbon fixation is also more efficient 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, utilization efficiency of
C4 metabolism. C4 metabolism is also more efficient than
C3 metabolism at high temperatures. In C3 plants, photores-
piration, due to competition by oxygen for RuBisCO makes
carbon dioxide uptake inefficient at high temperatures.
Under other conditions, like low light, C4 metabolism is less
efficient than C3 metabolism, because it uses up more ATP
(5 molecules per molecule of CO, 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, 0*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 9'*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 first 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 fixation 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 Asteraceaec. 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 deficiency, 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 Isoétes
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 first 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 identified 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-

L.O. Bjorn and Govindjee

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 efficient 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 sufficient 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 firma. On the
land, plants had become larger and needed to develop aeren-
chyma (air-conducting tissue) to provide all living cells with
sufficient oxygen. If roots or rhizomes were to be maintained
in anoxic muddy ground, diffusive oxygen transport may not
be sufficient. 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 first 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 conflict 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) influence on inhabitants of the earth. When
oxygen first 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 fixation using nitrogenase. Nitrogenase is
extremely sensitive to oxygen and easily inhibited by it, and
organisms had to invent various methods for protecting
nitrogen-fixing enzymes from oxygen. Some of the filamen-
tous cyanobacterial forms developed special cells (hetero-
cysts) and compartmentalized photosystems to fix nitrogen.
Heterocysts contain only PSI and do not fix carbon dioxide
or contain oxygen-producing PSII and therefore provide an
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Fig.16.12 Evolution of the earth’s atmosphere. Ozone and oxygen, on
a logarithmic scale, as fraction of the present atmospheric level (PAL),
during the past three billion years (based on Beerling et al. 2002; Berner
2006; Canfield 2005; Falkowski et al. 2005; Huey and Ward 2005;
Segura et al. 2003, and other sources)

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 107 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 first 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 Canfield 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 sulfide
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
stephasbeen 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 c4s. These metals can
sometimes be difficult to obtain, depending on, for instance,
the redox potential of the environment and the presence of
hydrogen sulfide. PSI contains more iron than the other
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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 weissflogii uses cytochrome cs (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¢ to adapt their metabolism to changing aque-
ous environments (Hervds et al. 2003). For historical
accounts on the structure and function of PSI, see Fromme
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Fig. 16.14 The relative power radiated by the sun during earth history,
and the timing of glaciations (From Tajika 2003, based on Gough
1981.) Not all scientists (see Sackmann and Boothroyd 2003) believe in
this “faint young sun” scenario, the main argument being the docu-
mented presence of liquid water on Mars ~3.8 Ga (gigayears) ago

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 sulfide was
available only in the depths of the oceans (Canfield 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 sulfide. The
closest present-day analog to this ancient ocean is the Black
Sea. According to Anbar and Knoll (2002), sulfidic 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
sulfidic depth caused a deficiency 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 Canfield 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 difficult 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 find 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;
Sundstrom et al. 1999; van Grondelle and Novoderezhkin
2006; Novoderezhkin and van Grondelle 2010; Scholes
et al. 2011; Renger and Miih 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
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(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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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))

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
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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. (¢) Schematic illus-
tration of chlorophyll, carotenoid, and phycobilin structures

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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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, ¢ 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 (Bjorn 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. Bjorn (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; Bjorn
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 (Bjorn 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
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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 a-carotene (one  and one € ring) or
B-carotene (two P 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 z-electron systems, cyclic or
linear, and they are all characterized by exceptionally high
molar extinction coefficients, typically on the order of 1x 10°
M- cm™. In linear conjugated molecules, such as carotenoids
and z-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-

a

antenna
pigments

antenna
pigments

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-

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 — oo, the number of steps, n, required to reach the trap was
evaluated as follows:

2

N

6
<”> =17"'NlogN square lattice

linear chain

(17.1)

1.5164N single cubic lattice

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

reaction centre
chlorophyll

reaction centre
chlorophyll

reaction
centre

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.
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Fig.17.5 Models of antenna
organization. (a) Connected units,
(b) Domain model. In the extreme a
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))

connected units model

lake model

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-

T. Mirkovic and G.D. Scholes

domain model (A=2)

| b

separate units model

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



17 Photosynthetic Light Harvesting

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 Miih
2013). Most recently, models that even include atomistic
details of the protein environment have been reported
(Olbrich and Kleinekathofer 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/R?, 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
Forster who realized that in solution, excited molecules
undergo multiple collisions with the surrounding matrix,
leading to phase decoherence before incoherent energy
transfer can occur (Forster 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.
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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 Forster 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 Forster spectral overlap
sums over all the ways these energy-conserving coupled
transitions can happen.

Forster’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.

Forster 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
(x) (Fig. 17.5¢); and the Forster spectral overlap integral, Jg
(Fig. 17.6b). The rate is (Braslavsky et al. 2008):

9,000(In10)k>¢,,J,
_ 1 2.000(m10)kgyJy 1)
Tp 1287° N ,n R

k Forster

where ¢p is the donor quantum yield, 7, the excited state
lifetime of the donor (in same units as 1/k), n is the refractive
index of the surrounding medium, and N, (in units of mol™")
is Avogadro’s number. The Forster spectral overlap (Jg),
which has the units of M~'cm?® or M~'cm™' nm?*, is derived
from the overlap of the area-normalized donor emission
spectrum (Fp(1)) and the absorption spectrum of the accep-
tor expressed in extinction coefficients, (1) [M~'cm™']. The
expression for the Forster spectral overlap integral Jg is as
follows:

i = [Fy (R)e, () A*dA (17.3)

0

An example calculation for the overlap integral Jr 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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Fig. 17.6 (a) Spectral overlap of the donor emission and acceptor
absorption required for Forster resonance energy transfer. (b) Calculated
overlap integral between the emission of phycoerythrin 545 (PE545)

the scaling for Jr on the graph is arbitrary, as the two y-axes
are used for the donor and acceptor spectral intensities.

The other key ingredient in Forster theory, indeed all the-
ories for energy transfer, is the electronic coupling. As
mentioned above, in Forster theory the electronic coupling is

Acceptor

and chlorophyll a. (¢) Schematic representation of the angles used for
calculating the orientation factor between two dipoles

assumed to be a transition dipole-dipole coupling, so it
depends on 1/R? and the orientation factor, :

A A

K=.”D'.“A_3(/2D'1é) (:ﬁAIé) (17.4)
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where ;i and {1, 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. 17.6¢),
and the geometric graphic of x” is summarized in the follow-
ing expression:

x> =(cosO, —3cosf. cos@, )’
(cos6; b N (17.5)

= (sin @, sin 6, cos¢—2cos cosh, )’

Despite the general success of Forster 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 Forster 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 Forster 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 Forster 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), V¥, and a
short-range term, V°, which is dependent on interchromo-
phore orbital overlap (Scholes 2003; Olaya-Castro and
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Scholes 2011) and becomes very significant below 5 A. The
coupling term, V° at all separations can be expressed as the
sum of the two contributions:
Vtotal — Ved + Vioo (176)

In Forster theory, the weakly coupled chromophores are
assumed to be well separated compared to their size, so that
the short-range term V° 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 V*° 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 V.

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; Sundstrom et al. 1999; van Grondelle and
Novoderezhkin 2006; Novoderezhkin and van Grondelle
2010; Scholes et al. 2011; Renger and Miih 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).
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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
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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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Fig. 18.1 7Top: 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 7 (red double-headed arrow), phase ® and amplitude
(vertical red line) are indicated. Second diagram: rhythm annihilating

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 (Foa 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:

e Have a period of roughly 24 h (about 18 and 28 h in
extreme cases) under constant conditions

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)

* 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
21.9hat15°C,22.3hat20°C,and 21.3 hat 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.
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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.
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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(#) represent the concentration of an oscillating
central variable in the clock (e.g., the protein FRQ). In a
feedback model the signal c(¢) 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 ¢ according
to the concentration of the same substance c(f) at a
certain earlier time c(r—1%), we have a simple
feedback system with delay #,. The situation can be
expressed as

(Production of substance at time ¢)=—K X (concentration of substance at time(r—1,))

Here K is a positive constant and the negative sign indi-
cates that production is decreased if the concentration was
high 7, hours earlier, while it is increased if concentration
was low £, 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 7, 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
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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 rthythm. 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
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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.

e 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 /ight 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. 20006), 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 rthythm. 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-
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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 Biinning hypothesis, accord-
ing to which the circadian clock is used by organisms to
measure day (night) length and initiate photoperiodic events
accordingly (Biinning 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-
Forster 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.



248

A. Johnsson et al.

1 1 1 1 1 1
a
control
| | |
| | |
1 2 7
Delay
T253eo bL
! ! !
1 2 7
Advance
T 25sec bL
1 1 1
0 1 2 7
Time [days]
12 T T T 12 T T T
_ 6F . 6 .
=
=
<
“ 0 0
[0
(7]
©
T
6 - -6 -
_12 | | | _12 | | |
0 6 12 18 24 0 6 12 18 24

Onset of pulse [CT]

Fig. 18.2 (a) Eclosion rhythm of Drosophila pseudoobscura. Pupae
kept in LD 12:12 h and released in DD at time O 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

Onset of pulse [CT]

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


http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-66676
http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-66676
http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-66660
http://nbn-resolving.de/urn:nbn:de:bsz:21-opus-66660
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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
etal. 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
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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 Foa 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


http://dx.doi.org/10.1007/978-1-4939-1468-5_8
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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
photoreceptors in selected examples.

and

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.

A. Johnsson et al.

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 Q,, 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 hin DD, 22.6 hin 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-
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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; Cerveny and Nedbal 2009;
Nakabhira 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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Fig. 18.3 Model of the circadian clock of the cyanobacterium
Synechococcus elongatus (inset, kindly supplied by Kondo: A cell).
The hexameric KaiC protein (KaiC®™, red) consists of 6 monomeric
KaiC proteins (KaiC'™ 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 (fop
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
(KaiB*™, 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

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 psbAl gene (one of three psbA genes
encoding a critical photosystem II reaction center protein,
D1) was found to be controlled by the circadian clock.
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(~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 (fop, 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, fop 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))

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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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 pm 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
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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 CCALl; see Fig. 18.5). The model is based on a negative
transcriptional feedback loop between TOCland CCAL.
The time delay is brought about by the timing of the expres-
sion of TOC1 and CCA1l. CCALl represses TOCI1 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 CCAI transcription, so that CCAl 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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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
CCAL. Transcription and translation of TOC1 (green oval) activates
(thick green arrows) transcription of the CCA1 protein which represses
(thick red — 1) TOC1 expression. CCAl 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)

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
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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) TOCI. 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
Frangois-Yves Bouget and Marc Lefranc)

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 pm
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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plants are not present, but homologues of cyanobacterial
PHY (CHLAMYOPSINS and MIXED LINEAGE PROTEIN
KINASE) and the cyanobacterial kinase CikA and two CRY's
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, Schiuble 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
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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 (PHYSs), 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 UVRS8 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 Mas (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 CCAI and
LHY and their products CCA1 and LHY and the clock gene
TOCI and its product TOC1, a DNA-binding transcription
factor. CCAl 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) CCAI 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 CCA/ 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 CCAI and LHY by binding to their promot-
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ers. CCAl and LHY in turn regulate PRR7 and PRR9Y
positively.

In a fourth loop, GI induces TOC] in the evening and is
negatively regulated by TOC1, CCAl, 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 CCAl) 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 foc/ 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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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 CCALl (red oval) and LHY (red oval). Blue light (blue flash) is
absorbed by CRY1 and CRY?2, 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 — 1) consists of clock genes CCAIl and LHY (black boxes with
dented arrows, TAIR nomenclature for Arabidopsis), their products

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 PRRY, where only LL causes a long period, appar-
ently by affecting pathways. However, the zt/ mutant has a

ore loop
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Hypocotyl growth
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in long days

CCALl and LHY (red — I), and the clock gene TOCI and its product
TOC1 (green oval). TOC1 represses (thick red a) CCAI 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 PRRY inhibit the expression of CCAl 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))

longer period both under LL and DD, which suggests that
ZTL plays a role within the central clock. Phototropinl
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-Bognar and Kaéldi 2008).
Transcription of the clock genes LHY, CCA1, PRR7, PRRY,
and Gl is upregulated by red, far-red, and blue light. However,
the corresponding mRNAs of LHY and CCA1 are degraded
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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 TOCI. Likewise, PRRS
protein accumulates in the evening before it is degraded by
ZTL. Tt is suggested that PRRS, 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).
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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
Biinning (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 Kéldi 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-Bognar
and Kaldi 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).
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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 thythmic 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 frg, 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 (fr¢°) 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 thythm 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


http://geiselmed.dartmouth.edu/dunlaploros/research/media.php
http://geiselmed.dartmouth.edu/dunlaploros/research/media.php
http://www.fgsc.net/2000compendium/NewCompend.html||Collectionofmutants
http://www.fgsc.net/2000compendium/NewCompend.html||Collectionofmutants
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Fig. 18.6 Model of the biochemical and molecular processes of the
Neurospora clock. The main feedback loop (thick lines) consists of frg
(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

function upstream or downstream of the FRQ/WCC oscilla-
tor. They need to bypass FRQ/WCC to drive the conidiation
rhythm and biochemical rthythms 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
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(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))

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 frg 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
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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 rthythm. 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 we-1 and we-2 are required for
it (the double mutant white color wc-1 and we-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 frg 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 frg mRNA and advances
the clock phases with highest frg expression in the later
morning. If FRQ levels decrease, light will again increase frg
mRNA, which will now delay the phase.

The blue-light chromophore that mediates binding of the
larger WCC to frqg 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.
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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
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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-Forster (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-
Forster 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-Forster
(20054, 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 Aflies, 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).
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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 (DN, _;) and of
four groups of LNs (LN, I-LN,, s-LN,, LPN) expressing dif-
ferent peptides/proteins (see Peschel and Helfrich-Forster
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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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 I-LN,, 4 s-LN,, one 5th s-LNj,,
6 LNy, and 3 LPN), and of dorsal Nneurons (~15 DN, 2 DN,, 30 DNj).
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

(Rieger et al. 2009; Sheeba et al. 2010). Third, the original
simple assumption that the s-LN, controls the M component
and the LN, 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-LN, (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 I-LNv pro-
motes arousal. They are activated by the neuromodulators
dopamine and octopamine and by light and inhibited by

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-LN, (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-LN, (except the fifth) and I-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
I-LN, 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-Forster (2011), and Helfrich-Forster (2005a, b))

GABA. GABAergic inhibition of the I-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 PDPI#.
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. 18.8 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

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-Forster 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

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, Wiirzburg)

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-Forster et al. 2002) and (4) LN, and DN
neurons in the brain as internal photoreceptors (see Fig. 18.7
and reviews by Rieger et al. 2003; Helfrich-Forster 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-Forster 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:
. Phase shifting by light pulses
. Entrainment by LD cycles
. Attenuation of the rhythm by LL of high fluence rate
. 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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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
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(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-Forster 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-Forster 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-Forster 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-
Forster et al. 200