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From the Series Editor

Advances in Photosynthesis and Respiration, Volume 21

I am delighted to announce the publication, in Ad-
vances in Photosynthesis and Respiration (AIPH)
Series, of Photoprotection, Photoinhibition, Gene
Regulation, and Environment, a book covering the
central role of excess light in how plants monitor, and
respond to environmental changes. This volume was
edited by three distinguished authorities, all based
in the USA, Barbara Demmig-Adams, William W.
Adams III, and Autar K. Mattoo. Two earlier AIPH
volumes dealt with the topics of Environment and
Regulation: Photosynthesis and the Environment
(1996; edited by Neil R. Baker, from UK); and Regula-
tion of Photosynthesis (2001; edited by Eva-Mari Aro
and Bertil Andersson, from Finland and Sweden). The
current volume follows the 20 volumes listed below.

Published Volumes (1994–2005)

� Volume 1: Molecular Biology of Cyanobacteria
(28 Chapters; 881 pages; 1994; edited by Donald
A. Bryant, from USA);

� Volume 2: Anoxygenic Photosynthetic Bacteria
(62 Chapters; 1331 pages; 1995; edited by Robert
E. Blankenship, Michael T. Madigan and Carl E.
Bauer, from USA);

� Volume 3: Biophysical Techniques in Photosyn-
thesis (24 Chapters; 411 pages; 1996; edited by
the late Jan Amesz and the late Arnold J. Hoff,
from The Netherlands);

� Volume 4: Oxygenic Photosynthesis: The Light
Reactions (34 Chapters; 682 pages; 1996; edited by
Donald R. Ort and Charles F. Yocum, from USA);

� Volume 5: Photosynthesis and the Environment
(20 Chapters; 491 pages; 1996; edited by Neil R.
Baker, from UK);

� Volume 6: Lipids in Photosynthesis: Structure,
Function and Genetics (15 Chapters; 321 pages;
1998; edited by Paul-André Siegenthaler and Norio
Murata, from Switzerland and Japan);

� Volume 7: The Molecular Biology of Chloro-
plasts and Mitochondria in Chlamydomonas

(36 Chapters; 733 pages; 1998; edited by Jean
David Rochaix, Michel Goldschmidt-Clermont
and Sabeeha Merchant, from Switzerland and
USA);

� Volume 8: The Photochemistry of Carotenoids
(20 Chapters; 399 pages; 1999; edited by Harry
A. Frank, Andrew J. Young, George Britton and
Richard J. Cogdell, from USA and UK);

� Volume 9: Photosynthesis: Physiology and
Metabolism (24 Chapters; 624 pages; 2000; edited
by Richard C. Leegood, Thomas D. Sharkey and
Susanne von Caemmerer, from UK, USA and
Australia);

� Volume 10: Photosynthesis: Photobiochemistry
and Photobiophysics (36 Chapters; 763 pages;
2001; authored by Bacon Ke, from USA);

� Volume 11: Regulation of Photosynthesis (32
Chapters; 613 pages; 2001; edited by Eva-Mari
Aro and Bertil Andersson, from Finland and
Sweden);

� Volume 12: Photosynthetic Nitrogen Assimila-
tion and Associated Carbon and Respiratory
Metabolism (16 Chapters; 284 pages; 2002; edited
by Christine Foyer and Graham Noctor, from UK
and France);

� Volume 13: Light Harvesting Antennas (17 Chap-
ters; 513 pages; 2003; edited by Beverley Green
and William Parson, from Canada and USA);

� Volume 14: Photosynthesis in Algae (19 Chapters;
479 pages; 2003; edited by Anthony Larkum,
Susan Douglas and John Raven, from Australia,
Canada and UK);

� Volume 15: Respiration in Archaea and Bacteria:
Diversity of Prokaryotic Electron Transport
Carriers (13 Chapters; 326 pages; 2004; edited by
Davide Zannoni, from Italy);

� Volume 16: Respiration in Archaea and Bac-
teria 2: Diversity of Prokaryotic Respiratory
Systems (13 Chapters; 310 pages; 2004; edited by
Davide Zannoni, from Italy);

� Volume 17: Plant Mitochondria: From Genome
to Function (14 Chapters; 325 pages; 2004; edited



by David A. Day, A. Harvey Millar and James
Whelan, from Australia);

� Volume 18: Plant Respiration: From Cell to
Ecosystem (13 Chapters; 250 pages; 2005; edited
by Hans Lambers, and Miquel Ribas-Carbo, 2005;
from Australia and Spain).

� Volume 19: Chlorophyll a Fluorescence: A
Signature of Photosynthesis (31 Chapters; 817
pages; 2004; edited by George C. Papageorgiou
and Govindjee, from Greece and USA); and

� Volume 20: Discoveries in Photosynthesis (111
Chapters; 1262 pages; 2005; edited by Govindjee,
J. Thomas Beatty, Howard Gest and John F. Allen,
from USA, Canada and Sweden (& UK)).

In addition, Volume 22 (Photosystem II: The
Light-Driven Water:Plastoquinone Oxidoreductase
(34 Chapters, xxvii + 16 color plates + 786 pp., edited
by Thomas J. Wydrzynski and Kimiyuki Satoh, from
Australia and USA) has already been published in
2005.

Further information on these books and or-
dering instructions can be found at <http://www.
springeronline.com> under the Book Series ‘Advan-
ces in Photosynthesis and Respiration’. Special dis-
counts are available for members of the Interna-
tional Society of Photosynthesis Research, ISPR
(<http://www.photosynthesisresearch.org/>).

Photoprotection, Photoinhibition, Gene
Regulation, and Environment

This book was edited by three outstanding authori-
ties in the areas of Photoprotection, Photoinhibition,
Gene Regulation, and Environment: Barbara Demmig-
Adams and William W. Adams III (both at the Uni-
versity of Colorado, Boulder, Colorado) and Autar K.
Mattoo (Henry A. Wallace Beltsville Agricultural Re-
search Center, Beltsville, Maryland).

The topic of the book, as provided by our 3 dis-
tinguished editors, is: “Photoprotection, Photoinhibi-
tion, Gene Regulation, and Environment”; it exam-
ines the processes whereby plants monitor environ-
mental conditions and orchestrate their response to
change, an ability paramount to the life of all plants.
‘Excess light’, absorbed by the light-harvesting sys-
tems of photosynthetic organisms, is an integrative in-
dicator of the environment, communicating the pres-
ence of intense light and any conditions unfavorable

for growth and photosynthesis. Key plant responses
are photoprotection and photoinhibition. In this vol-
ume, the dual role of photoprotective responses in the
preservation of leaf integrity and in redox signaling
networks modulating stress acclimation, growth, and
development is addressed. In addition, the still unre-
solved impact of photoinhibition on plant survival and
productivity is discussed. Specific topics include dissi-
pation of excess energy via thermal and other pathways,
scavenging of reactive oxygen by antioxidants, pro-
teins key to photoprotection and photoinhibition, per-
oxidation of lipids, as well as signaling by reactive
oxygen, lipid-derived messengers, and other messen-
gers that modulate gene expression. Approaches in-
clude biochemical, physiological, genetic, molecular,
and field studies, addressing intense visible and ul-
traviolet light, winter conditions, nutrient deficiency,
drought, and salinity. This book is directed toward ad-
vanced undergraduate students, graduate students, and
researchers interested in Plant Ecology, Stress Phys-
iology, Plant Biochemistry, Integrative Biology, and
Photobiology.”

“Photoprotection, Photoinhibition, Gene Regula-
tion, and Environment” has 21 authoritative Chapters,
and is authored by 57 international authorities from
16 countries. The book begins with three perspectives:
Harry Yamamoto (USA) presents a random walk to
and through the xanthophyll cycle (Chapter 1); Barry
Osmond and Britta Förster (Australia) provide
an account of Photoinhibition: then and now
(Chapter 2); Marvin Edelman and Autar Mattoo
(Israel and USA) discuss the past and future perspec-
tives of the involvement of the D1 protein in photoin-
hibition (Chapter 3). These perspectives are followed
by 18 chapters. In Chapter 4, Barbara Demmig-Adams,
Volker Ebbert, Ryan Zarter and William Adams (USA)
summarize characteristics and species-dependent em-
ployment of flexible versus sustained thermal dissipa-
tion and photoinhibition. Then, William Adams, C.
Ryan Zarter, Kristine Mueh, Véronique Amiard and
Barbara Demmig-Adams (USA) discuss details of en-
ergy dissipation and photoinhibition as a continuum of
protection (Chapter 5). In Chapter 6, Fermı́n Morales,
Anunciación Abadı́a and Javier Abadı́a (Spain) dis-
cuss photoinhibition and photoprotection under nu-
trient deficiencies, drought, and salinity. This is fol-
lowed by a summary, by Donat-P. Häder (Germany), of
photoinhibition and UV responses in the aquatic envi-
ronment (Chapter 7); and a discussion, by Alexander
V. Vener (Sweden), of phosphorylation of thylakoid
proteins (Chapter 8). In Chapter 9, Hou-Sung Jung

vi



and Krishna K. Niyogi (USA) provide a molecular
analysis of photoprotection of photosynthesis. Stefan
Jansson (Sweden) discusses the saga of a protein fam-
ily involved in light harvesting and photoprotection
(Chapter 10). In Chapter 11, a team of 10 authors
(Norman Huner, Alexander Ivanov, Prafullachandra
Sane, Tessa Pocock, Marianna Król, Andrius Balseris,
Dominic Rosso, Leonid Savitch, Vaughan Hurry and
Gunnar Öquist (Canada, Sweden and India) discuss
the role of reaction center quenching versus antenna
quenching in the photoprotection of Photosystem II.
Then, Kittisak Yokthongwattana and Anastasios Melis
(Thailand and USA) discuss, in Chapter 12, the mech-
anism of a Photosystem II damage and repair cycle
involved in photoinhibition (and its recovery) in oxy-
genic photosynthesis. Subsequently, regulation by en-
vironmental conditions of the repair of Photosystem II
in cyanobacteria is discussed by Yoshitaka Nishiyama,
Suleyman Allakhverdiev and Norio Murata (Japan and
Russia) in Chapter 13. Tsuyoshi Endo and Kozi Asada
(Japan) provide, in Chapter 14, an understanding of
the role of cyclic electron flow and the so-called water-
water cycle in photoprotection, particularly around
Photosystem I. This is followed by Chapter 15 on
the integration of signaling in antioxidant defenses
by Philip Mullineaux, Stanislaw Karpinski and Gary
Creissen (UK and Sweden). Chapter 16, by Chris-
tine Foyer, Achim Trebst and Graham Noctor (UK,
Germany and France), deals with signaling and inte-
gration of defense functions of tocopherol, ascorbate,
and glutathione. Then, in Chapter 17, Sacha Baginsky
and Gerhard Link (Switzerland and Germany) dis-
cuss redox regulation of chloroplast gene expres-
sion. Robert Larkin (USA) provides, in Chapter 18,
a summary of intracellular signaling and chloro-
phyll synthesis. Nine authors (Karl-Josef Dietz, Tina
Stork, Iris Finkemeier, Petra Lamkemeyer, Wen-Xue
Li, Mohamed El-Tayeb, Klaus-Peter Michel, Elfriede
Pistorius, and Margarete Baier), from Germany
and Egypt, discuss, in Chapter 19, the role of per-
oxiredoxins in oxygenic photosynthesis of cyanobac-
teria and of higher plants and pose the question
of the importance of peroxide detoxification or re-
dox sensing in the process. Chapter 20, by Mauro
Maccarrone (Italy), reviews lipoxygenases, apoptosis,
and the role of antioxidants. The book ends appropri-
ately with Chapter 21, by Christiane Reinbothe and
Steffen Reinbothe (Germany and France), on the reg-
ulation of photosynthetic gene expression by the envi-
ronment from the seedling de-etiolation stage to leaf
senescence.

A Bit of Early History – From there
to here

“ It is a noble employment to rescue from oblivion those
who deserve to be remembered ” (Pliny the Younger,
Letters V).

In 1996, the grand young man of Photosynthesis Jack
Myers wrote about the findings in his PhD thesis 65
years ago (Country boy to scientist. Photosynth. Res.
50: 195–208, 1996.) “Cranking up for my first real ex-
periments was an exciting day. Carefully pipette a cell
sample into the Warburg vessel and let it come to tem-
perature in darkness. Then turn on the projection lamp
to give a bright light spot already measured at 38 000
foot-candles, almost 4 times as bright as sunlight. . . .
That first experiment was a complete bust. There was
only a short burst of the increasing pressure I expected.
Thereafter, the pressure change became negative in ev-
idence of oxygen uptake. Something was wrong. So I
repeated the procedure with the same result. Only when
the intensity was much reduced (1000 foot-candles, by
wire screens) did I see the expected high and steady
rate of oxygen evolution. Though it took a lot of con-
firming and polishing experiments, that was an excit-
ing day in the life of a young photosynthetiker. I had
made a discovery. I knew something unknown to any-
one else in the world. That had been my romantic vision
of the fruit of research. And it has not changed in the
sixty years since.” This experiment was published by
Jack Myers and George O. Burr (Some effects of high
light intensity in Chlorella. Jour. Gen. Physiol. 24: 45–
67, 1940)—the discovery of inhibition of photosynthe-
sis by high light, the phenomenon of photoinhibition,
but without its name. Only in 1956, did Bessel Kok
(On the inhibition of photosynthesis by intense light.
Biochim. Biophys. Acta 21: 234–244, 1956) charac-
terize this phenomenon in an elegant manner. Itzhak
Ohad and his coworkers (N. Adir, H. Zer, S. Scochat
and I. Ohad: Photoinhibition-a historical perspective.
Photosynth. Res. 76: 343–370, 2003) have writ-
ten a current history of photoinhibition. In addi-
tion, I mention the personal perspective by Barbara
Demmig-Adams (Linking the xanthophyll cycle with
thermal energy dissipation. Photosynth. Res. 76: 73–
80, 2003). Photographs shown in these two latter
papers and in Govindjee and Manfredo Seufferheld
(Non-photochemical quenching of chlorophyll a fluo-
rescence: early history and characterization of two xan-
thophyll cycle mutants of Chlamydomonas reinhardtii.
Funct. Plant Biol. 29: 1141–1155, 2002) are worth see-
ing and enjoying. And while much important work on
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the role of the xanthophyll cycle has been done over
many years, it is only now that the nature of the role of
zeaxanthin in the de-excitation of chlorophyll is being
identified (see N.E. Holt, D. Zigmantas, L. Valkunas,
X.-P. Li, K.K. Niyogi and G.R. Fleming: Carotenoid
cation formation and the regulation of photosynthetic
light harvesting. Science 307: 433–436, 2005).

There have been many books, many chapters in
several books, many reviews, and an enormous num-
ber of papers in the field of ‘Photoinhibition and
Photoprotection’. I do mention, for historical reasons,
an edited book, published 18 years ago, in ‘Topics of
Photosynthesis’ (Volume 9, Series Editor James Bar-
ber): David Kyle, Barry Osmond and Charles Arntzen
(eds) (1987) ‘Photoinhibition’, Elsevier, Amsterdam
(307 pages; Foreword is by Jack Myers; it has 11 Chap-
ters, including chapters by C.B. Osmond, G. Öquist, K.
Asada and N. Murata who are also authors in the current
book).

Future AIPH Books

The readers of the current series are encouraged to
watch for the publication of the forthcoming books (not
necessarily arranged in the order of future appearance):

� Photosystem I: The Light-Driven Plastocyanin:
Ferredoxin Oxidoreductase (Editor: John Gol-
beck);

� The Structure and Function of Plastids (Editors:
Robert Wise and J. Kenneth Hoober);

� Chlorophylls and Bacteriochlorophylls: Bioche-
mistry, Biophysics, Functions and Applications
(Editors: Bernhard Grimm, Robert J. Porra,
Wolfhart Rüdiger and Hugo Scheer);

� Biophysical Techniques in Photosynthesis. II.
(Editors: Thijs J. Aartsma and Jörg Matysik);

� Photosynthesis: A Comprehensive Treatise;
Physiology, Biochemistry, Biophysics, and
Molecular Biology, Part 1 (Editors: Julian
Eaton-Rye and Baishnab Tripathy); and

� Photosynthesis: A Comprehensive Treatise;
Physiology, Biochemistry, Biophysics, and
Molecular Biology, Part 2 (Editors: Baishnab
Tripathy and Julian Eaton-Rye)

In addition to these contracted books, we are already
in touch with prospective Editors for the following
books:

� Anoxygenic Photosynthetic Bacteria. II
� Chloroplast Bioengineering
� Molecular Biology of Cyanobacteria. II.
� Protonation and ATP Synthases
� Genomics and Proteomics
� Sulfur Metabolism in Photosynthetic Organisms

Other books, under discussion, are: Molecular Biology
of Stress in Plants; Global Aspects of Photosynthesis
and Respiration; and Artificial Photosynthesis. Readers
are encouraged to send their suggestions for these and
future volumes (topics, names of future editors, and of
future authors) to me by E-mail (gov@uiuc.edu) or fax
(1-217-244-7246).

In view of the interdisciplinary character of research
in photosynthesis and respiration, it is my earnest hope
that this series of books will be used in educating
students and researchers not only in Plant Sciences,
Molecular and Cell Biology, Integrative Biology,
Biotechnology, Agricultural Sciences, Microbiology,
Biochemistry, and Biophysics, but also in Bioengineer-
ing, Chemistry, and Physics.

I take this opportunity to thank Barbara Demmig-
Adams, William W. Adams III, and Autar K. Mattoo
for their outstanding and painstaking editorial work. I
thank all the 57 authors of volume 21: without their
authoritative chapters, there would be no such vol-
ume. I owe Jacco Flipsen and Noeline Gibson (both
of Springer) special thanks for their friendly working
relation with us that led to the production of this book.
Thanks are also due to Jeff Haas (Director of Informa-
tion Technology, Life Sciences, University of Illinois
at Urbana-Champaign, UIUC), Evan DeLucia (Head,
Department of Plant Biology, UIUC) and my dear wife
Rajni Govindjee for their constant support.

Govindjee
Series Editor, Advances in Photosynthesis

and Respiration
University of Illinois at Urbana-Champaign

Department of Plant Biology
Urbana, IL 61801-3707, USA

E-mail: gov@uiuc.edu
URL: http://www.life.uiuc.edu/govindjee
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A historical group photograph taken at the wedding of Adam Gilmore and Xiao-Ping Li (29 June,
2003). From left to right: Govindjee; Olle Björkman; Harry Yamamoto; Adam; Xiao-Ping; Krishna

Niyogi; and Barry Osmond. Background, Lake Tahoe, California. Photo by Rajni Govindjee.

Govindjee is Professor Emeritus of Biochemistry,
Biophysics and Plant Biology at the University of
Illinois at Urbana-Champaign (UIUC), Illinois, USA,
since 1999. He obtained his B.Sc. (Chemistry and Bi-
ology) and M.Sc. (Botany, specializing in Plant Phys-
iology) in 1952 and 1954, respectively, from the Uni-
versity of Allahabad, Allahabad, India. Govindjee was
a graduate student, first of Robert Emerson and then
of Eugene Rabinowitch, receiving his Ph.D. in Bio-
physics from the UIUC in 1960. His honors include:
Fellow of the American Association for the Advance-
ment of Science (1976); Distinguished Lecturer of
the School of Life Sciences, UIUC (1978); Presi-
dent of the American Society of Photobiology (1980–
1981); Fulbright Senior Lecturer (1996–1997); and
honorary President of the 2004 International Photo-
synthesis Congress (Montréal, Canada). Govindjee’s
research has focused on the function of “Photosys-
tem II” (water-plastoquinone oxido-reductase), partic-
ularly on its primary photochemistry; the unique role
of bicarbonate in electron and proton transport; as well
as thermoluminescence, delayed and prompt fluores-
cence (particularly lifetimes), and their use in under-
standing electron transport and photoprotection against
excess light. His major contribution on the topic of
this book has been to use lifetime of chlorophyll a

fluorescence measurements, with Adam Gilmore, to
demonstrate the ‘dimmer-switch’ of thermal dissipa-
tion (see e.g., Gilmore et al. (1995) Proc. Natl. Acad.
Sci. USA 92: 2273–2277; Gilmore et al. (1998) Bio-
chemistry 37: 13582–13593) and monitor, with Oliver
Holub and others, zeaxanthin-dependent quenching of
chlorophyll a fluorescence using FLIM (Fluorescence
Lifetime Imaging Microscopy) in single cells of
Chlamydomonas reinhardtii (Holub et al. (2000) Pho-
tosynthetica 38: 583–601). Some of his reflections
on the topic of ‘photoprotection’ may be found in
Govindjee (2002) Plant Cell 14: 1663–1668; and in
Govindjee and M. Seufferheld (2002) Functional Plant
Biology 29: 1141–1155. Govindjee’s scientific interests
now include regulation of excitation energy transfer
in oscillating light (L. Nedbal et al. (2003) Biochim.
Biophys. Acta 1607:5–7). However, his major focus
is on the “History of Photosynthesis Research” (see
volumes 73 (2002), 76 (2003), and 80 (2004) of Pho-
tosynthesis Research), and in Photosynthesis Educa-
tion. In addition to being the Series Editor of Ad-
vances in Photosynthesis and Respiration, he serves
as the “Historical Corner” Editor of “Photosynthesis
Research”. For further information, see his web page
at: http://www.life.uiuc.edu/govindjee.
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Preface

Photosynthesis is integral to plant productivity, both
as a source of energy and materials and as a target
for feedback regulation by the demand of the whole
plant for photosynthate. Photosynthesis is also strongly
modulated by the environment; multiple environmen-
tal conditions result in the absorption of potentially
harmful levels of excess light. Photoprotection and the
phenomenon of photoinhibition of photosynthesis are
thus key responses of plants to the environment as well.
However, it remains unknown whether photoinhibition
decreases or increases plant survival, fitness, and pro-
ductivity. Similarly, interactions among different com-
ponents of the photoprotective antioxidant network and
their roles in cellular signaling and gene expression re-
main to be fully elucidated. This volume (Photoprotec-
tion, Photoinhibition, Gene Regulation, and Environ-
ment) brings together contributions from widely dif-
ferent areas in the hope of stimulating future research.
Several concepts are emphasized in this volume 21 of
Advances in Photosynthesis and Respiration. One is
that chloroplast defenses against oxidative stress and
excess reactive oxygen production are highly integrated
with each other and are in communication with the cel-
lular antioxidant network. Furthermore, it is increas-
ingly recognized that antioxidants have a crucial role
in redox sensing and signaling, in addition to their role
in protecting the integrity of the chloroplast. This is
highly significant since cellular redox balance partic-
ipates in the modulation of a host of key responses
in growth and development, such as the regulation of
the cell cycle, senescence, and programmed cell death.
This volume combines contributions on photoinhibi-
tion and photoprotection with those on redox signaling
and gene modulation to integrate photoprotective re-
sponses into ‘the bigger picture’. We bring together
the full continuum of processes from protection on
one hand to senescence and cell death at the other
extreme.

Specific topics covered here include perspectives
on the historic development of this research area. Pho-
toprotective thermal dissipation of excess excitation
energy is reviewed and its relationship to photoinhibi-
tion discussed. What role does photoinhibition play in
plant survival, fitness, and productivity? Where does
photoinhibition fit into the continuum of plant
responses-from photoprotection by a cascade of de-
fense mechanisms to cell death? During seasons with

extreme conditions, such as icy winters or scorching,
dry summers, the primary reactions of photosynthesis
can become disabled. Many studies focus on the
inactivation of the photosystem II core protein D1
seen during photoinhibition, and it is currently widely
assumed that this inactivation represents damage.
However, much of what has been assumed to be
damage to chloroplast processes may, in fact, be
caused by genetic programs (D. Wagner, D. Przybyla,
R. op den Camp, C. Kim, F. Landgraf, K. P. Lee, M.
Würsch, C. Laloi, M. Nater, E. Hideg and K. Apel,
2004, The Genetic Basis of Singlet Oxygen–Induced
Stress Responses of Arabidopsis thaliana. Science
306: 1183–1185). It is noteworthy that the plants
exhibiting the greatest degree of photoinhibition of
photosynthesis are perennial evergreens adapted to
extreme environments. Is photoinhibition a limitation
to plant productivity, or might it be a ‘talent’ of stress-
tolerant species? In this volume, widely different views
are expressed concerning these questions, making it
clear that additional work is needed to resolve them.

A wide range of environmental factors that affect
photoprotection and photoinhibition is considered
here: intense visible and ultraviolet light, winter
conditions in temperate climates, nutrient deficiency,
drought, and salinity. A molecular analysis of pho-
toprotection is presented and the role of specific
proteins in photoprotection is discussed. In addition
to thermal dissipation pathways, alternative pathways
for electron flow as well as the scavenging of reactive
oxygen species by antioxidant metabolites (such as
tocopherol, asccorbate, glutathione, xanthophylls) and
enzymatic antioxidant pathways are reviewed. The
peroxidation and recycling of lipids is considered
together with the signaling functions of these reactions
and of lipid-derived messengers. A comprehensive
overview of the current understanding of signaling
by reactive oxygen species and other signals that
modulate gene expression is provided. Experimental
approaches range from biochemical, physiological,
genetic, and molecular approaches to field studies in
a variety of natural environments.

This volume is suitable for advanced students and
researchers interested in the general area of redox sig-
naling and antioxidant defenses and their role in re-
sponses to the environment as well as the regulation of
internal responses of all organisms. In the field of plant
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biology, the areas of photosynthesis, stress physiology,
gene regulation by the environment, and growth and
development are particularly relevant.

We express our sincere appreciation to the 57
authors from 15 countries for their outstanding con-

tributions to this book. We are thankful to the Series
Editor Govindjee for his invitation to develop this
exciting book and for his support. We are grateful to
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for their cooperation in producing this book.
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Summary

This is an account of my personal and professional life as a student of the violaxanthin-antheraxanthin-zeaxanthin
scheme for the xanthophyll cycle in higher plants. I had no early vision of becoming a scientist, but one circumstance
led to another, and what began as a random walk ultimately developed into a life-long study of the biochemistry,
physiology, and function of the xanthophyll cycle. The circumstances and people with whom I shared this path are
described, with special attention given to the early developments.

I. Introduction

Does anyone accept an autobiographical assignment
such as this without some hesitancy? I appreciated
the invitation to tell my story, but wondered if I had
anything worth contributing. What should I say? Who
would care? After some reflection, I thought (or possi-
bly rationalized) that my story, which is best character-
ized as a random walk to and through the xanthophyll
cycle, may give comfort to young people whose vision
of what they wish to accomplish in life may not be
entirely clear. The circumstances that led to the dis-
covery of light-induced conversions among violaxan-
thin (V), antheraxanthin (A), and zeaxanthin (Z)–the
VAZ pathway for the xanthophyll cycle–may also be
of interest. Although the walk was random, with many
small and uncertain steps, it almost always carried me
forward and ultimately brought me to the “right” path.
As a child and even through college, I had no thoughts
about becoming a scientist, only an innate desire to seek
a better future as my parents had done. With luck and

help from many people, I have been privileged to the
better life, better than I could have imagined possible
as a child. I extend my special thanks to the book’s ed-
itors for giving me a chance to reflect and open doors
to many good memories.

II. The Beginnings

To start, I can thank my father for my good fortune at
being born in the U.S. Dad, the second eldest son, had to
seek his independent fortune and immigrated to Hawaii
while still a teenager. I grew up in the shadows of the
famous Moana Hotel on Waikiki Beach. Perhaps some
readers who have visited Waikiki remember the large
banyan tree in the International Market Place located
cater-corner from the hotel. We lived about three hun-
dred yards from that tree; once, I fell out of it while
playing Tarzan and broke my arm. Our home was pro-
vided by the hotel because Dad, a carpenter, was on
call “24-7.” We were poor, but I was not aware of it; my
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2 Harry Y. Yamamoto

parents never complained, and all those around us were
also poor. It was a happy and carefree time for me.

I was 8 years old when the Japanese attacked Pearl
Harbor. Both my parents were treated as aliens even
though Mom was a native-born U.S. citizen. Fortu-
nately, we and many others in Hawaii were not sent to
the “relocation camps” in which Americans of Japanese
descent were detained on the U.S. mainland. In Hawaii,
most of us were spared relocation largely by the ac-
tions of John Burns who, as police captain in charge
of espionage for the FBI, vouched for the loyalty of
Japanese-Americans in Hawaii. Burns was Delegate
to Congress when Hawaii became the 50th state and
later was elected Governor for three terms. He touched
many lives. During the war, I carried a gas mask to
school and my club house was the underground shelter
Dad had built for our safety. The attack on Pearl Harbor
had been led by Admiral Yamamoto; although he was
no relation, I avoided problems by assuming the name
Harry Chang when around soldiers on “R & R” (rest
and recuperation) in Waikiki.

As a child I must have shown an interest in science
because one of the best Christmas gifts I recall receiv-
ing was a Gilbert Chemistry Set. I can still picture it. It
came in a red fold-out wooden case with rows of chem-
icals in small bottles, a simple balance, a watch glass,
and spatulas. It had a manual from which I learned
to make, among other things, black powder and “stink
bombs.” My parents weren’t always pleased with the
results of my experiments. These types of sets may not
be available today and, if they are, their contents are
probably more limited given modern concerns about
hazardous substances.

III. Education

My friends are the reason I went to college. I took the
entrance examination to the University of Hawaii only
because they did. A few months later, I enrolled as a
freshman and chose medical technology as my major
because that is what a friend had selected and, much
to my liking, it had a strong science emphasis. The
course load was so heavy in zoology, microbiology, and
chemistry that it nearly met the major’s requirement for
each of those fields. However, botany was not required
for obvious reasons: medical technology deals with sick
people, not sick plants. I didn’t know then that I would
spend my entire professional life happily working on
plants.

The senior year in medical technology consisted
of laboratory rounds at hospitals, public health

laboratories, and the blood bank. During that year, I
took night calls at Kuakini Hospital on alternate nights
to earn my tuition for the year. Working as I did, I
learned that the field of medical technology, as least at
the time, offered limited economic opportunities. This
important realization probably came about because by
then I had a steady girl friend and was thinking about
how to become a good provider. After graduating with
a B.S. (1955) and completing a six-month tour of duty
as a 2nd lieutenant with the U.S. Army Infantry in Ft.
Benning, Georgia and Fort Riley, Kansas as part of my
eight-year obligation in the Army Reserves, I embarked
on the next leg of my random walk. I enrolled in the
M.S. program in the Department of Food Technology
at the University of Illinois at Urbana-Champaign. The
selection of food technology as a field of study is not as
curious as it may seem. I had worked in the Del Monte
pineapple cannery for three summers prior to my senior
year and was promoted each year to a better paying and
more responsible position. I could see that a large food
processing company offered many opportunities and
thought that an advanced degree in the field would be
useful. In changing to food technology, I accepted the
possibility of not being able to return to Hawaii since
most major food industries, except for pineapple pro-
cessing, were on the mainland. It was a risk that I was
willing to take. As it turned out, the greater risk was
the demise of the pineapple canning industry in Hawaii,
brought about by foreign competition. With one excep-
tion on the island of Maui, the canneries have all since
closed.

Attending the University of Illinois was a good de-
cision in several ways. First, I learned that, contrary to
what I had assumed, changing fields of study was rela-
tively easy. I discovered it wasn’t necessary to complete
all the requirements of the previous degree before start-
ing work on a higher degree. Being the only one of three
siblings to pursue graduate studies, I hadn’t known any
better. Next, during my first meeting to discuss my aca-
demic program with Reid Milner, Chairman of the De-
partment of Food Technology, he casually asked if I
intended to go on for the Ph.D. Me, whose parents had
little schooling, who went to college only because his
friends were going, and who had decided to pursue the
M.S. only as a means for gainful employment? It was
an unexpected and welcome expression of confidence
in my potential. Thank you Prof. Milner! Finally, while
pursuing the M.S., I found that I was more interested
in “Why?” than “How?” and preferred fundamentals
to applications. The title of my M.S. thesis was “Ki-
netic Studies on the Heat Inactivation of Peroxidase
in Sweet Corn.” Peroxidase activity was used, and is
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possibly still being used, as an indicator for adequacy
of heat treatment (blanching) of corn prior to freezing.
Blanching prevents frozen corn from developing unde-
sirable “off ” flavors that result from enzyme activity.
I found that there were two types of peroxidases with
markedly different heat sensitivities (Q10). The inac-
tivation of both forms followed pseudo first-order ki-
netics, and the stability of the heat-resistant component
made heating to inactivate it almost futile. I think it was
this study that awakened by interest in basic science.
I have the University of Illinois, and the Department
of Food Technology in particular, to thank for giving
some direction to my random walk.

The University of California, Davis had a program
that seemed ideal for me: a Ph.D. in Comparative Bio-
chemistry within the Department of Food Science and
Technology. I was married and had a young son by then.
The three of us drove for California, pulling our worldly
possessions in a U-Haul trailer. We felt like pioneers
traveling cross-country with an infant, but instead of in
a covered wagon, we had an aging Ford. In Lincoln, Illi-
nois, just a hundred miles out of Champaign-Urbana,
our car broke down and required, so we were told, a
complete engine overhaul that strained our resources
and delayed our journey by several days. Even with the
repairs, we barely made it over Donner Pass at the bor-
der between Nevada and California. A few months ago
we drove through that region and the incline was hardly
noticeable. Was the U-Haul so heavy, the road now less
steep, or the rental car that much better? Perhaps yes
to all. Thinking back on it now, that trip in the summer
of 1958 was a great adventure and a test of endurance.
What better preparation could one have for a doctoral
program?

At Davis, my research advisor was Clinton “Chi”
Chichester, a student of Gordon Mckinney, both
of whom were interested in the biosynthesis of
carotenoids. Paul Stumpf was my academic advisor.
The biosynthetic pathway for carotenoids was not yet
clearly established. During my first year I worked on
an early step in the pathway and published a note in
Nature (Yamamoto et al., 1961).

IV. The VAZ Pathways Story

I owe much of what came next to Sputnik, the first
satellite, which was placed into orbit by the Soviet
Union in October 1957. This achievement shocked
the U.S. into giving more support to science and
not just to space science. I benefited from this new
commitment through a National Science Foundation

Fig. 1. Photograph taken at the National Science Founda-
tion sponsored Carotenoid Symposium in Kyoto, Japan, 1965.
Clinton Chichestor is being greeted by Prof. H. Mitsuda. Tom
Nakayama is in the background.

predoctoral fellowship that funded the balance of my
doctoral program. Besides relieving me of financial
worries, the fellowship allowed me more flexibility in
selecting a research topic. Also as a result of Sputnik,
English translations of Russian articles became avail-
able, and a paper by David I. Sapozhnikov was brought
to my attention by Tommy Nakayama, a friend and col-
league of Chi’s (Fig. 1). Sapozhnikov et al. (1957) re-
ported that, in leaves subjected to alternating light and
dark treatments, high light induced reciprocal changes
in the levels of violaxanthin and lutein. He hypothe-
sized that the reaction was involved in photosynthetic
“oxygen transfer,” that is, from water to molecular oxy-
gen. I believed the observation merited further study
because, unlike most carotenoids that are metabolic end
products, this system appeared to be dynamic. Also, if
the cycle was indeed involved in photosynthetic oxygen
evolution, it would be a very significant discovery. I felt,
however, that the reported kinetics made this possibil-
ity unlikely. Furthermore, if the reaction was involved
in oxygen evolution, it was not an essential pathway
since oxygen-evolving organisms such as blue-green
algae lack violaxanthin.

Of course, the instrumentation and analytical meth-
ods available 45 years ago were crude by today’s
standards. I used preparative columns packed with
powdered sugar to separate the xanthophylls of saponi-
fied extracts of leaves. Saponification removed chloro-
phyll that these columns could not resolve from xan-
thophylls. To assure complete recovery of xanthophylls
after saponification, the xanthophylls were washed into
ethyl ether instead of petroleum ether. Safety precau-
tions were not what they are today and I was lucky not
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to have blown up the lab and myself with it. I would
often return to my apartment reeking of ether. The
procedures were so slow that I could obtain barely two
sets of data points in a day. Despite these limitations,
the very first experiment confirmed that high light in-
duced in leaves a decrease in violaxanthin and an appar-
ently corresponding increase in lutein. However, I was
still not fully convinced that a symmetrical reactant,
violaxanthin, was being converted to an asymmetrical
product, lutein. Two mono-de-epoxidase reactions by
different enzymes could explain such a conversion but
would not be consistent with Sapozhnikov’s hypothesis,
which implied a single-step double de-epoxidation. Al-
ternatively, the product could be zeaxanthin rather than
lutein, leaving open the possibility of a single-step dou-
ble de-epoxidation. Since the sugar column resolves
pigments by normal-phase partitioning, I reasoned that
zeaxanthin would, if formed, likely co-migrate with
lutein, given that both molecules have similar structures
and identical numbers of hydroxyl groups. Rechro-
matography of the sugar column’s lutein band on a mag-
nesium oxide (adsorption) column showed the product
to be zeaxanthin and not lutein. The next question pre-
sented itself: does the conversion to zeaxanthin occur in
one step or two? Antheraxanthin, the expected product
of a two-step reaction, was found on the sugar column
as a faint band between violaxanthin and lutein. These
results established the currently accepted VAZ scheme:
the light-induced cyclical conversion, in leaves, of vio-
laxanthin (V) through antheraxanthin (A) to zeaxanthin
(Z) (Yamamoto et al., 1962). Today, the pathway for the
cycle seems obvious and can be easily demonstrated by
HPLC analyses with a column that has mixed partition-
ing and absorption properties (Gilmore and Yamamoto,
1991). I referred to the pathway as the “violaxanthin
cycle” but now “the xanthophyll cycle” is more com-
monly used. I emphasize “the” to acknowledge that
other xanthophyll cycles are known, specifically the di-
adinoxanthin cycle in several algal species (Hager and
Stransky, 1970) and the lutein epoxide cycle in mistle-
toe (Matsubara et al., 2001). It is uncertain whether
these other xanthophyll cycles have the same biochem-
istry and functions as the VAZ cycle.

The VAZ scheme, in my opinion, was strong evi-
dence against Sapozhnikov’s hypothesis. Besides the
very slow kinetics and incorporation of 18O from
O2 on re-epoxidation of zeaxanthin (Takeguchi and
Yamamoto, 1968), stepwise mono-de-epoxidation ex-
cluded a single-step removal of the epoxides of
violaxanthin as might be expected for a role in oxygen
evolution. Prof. Sapozhnikov acknowledged that the
product of violaxanthin was zeaxanthin but, as far as I
am aware from the literature, he ignored antheraxanthin

and continued to suggest a role for the cycle in oxygen
evolution (Sapozhnikov, 1973). Regrettably, I did not
get to meet Prof. Sapozhnikov to congratulate him for
his initial observation that light induces a change in the
violaxanthin concentration. Following the VIIIth Inter-
national Congress on Photosynthesis, which was held
in Stockholm, Sweden in 1989, I went on a tour to the
Soviet Union. In St. Petersburg I met a few of Prof.
Sapozhnikov’s former associates and learned that he
had passed away in Italy in 1985 on his way to his new
adopted home in Canada. Olga Koroleva gave me a
photograph of his group taken in 1974; it is a wonder-
ful photograph and I share it as a tribute to him (Fig. 2).
In a different vein, I also express my appreciation to C.
Stacy French, who was Director of the Carnegie Insti-
tution of Washington (Stanford, California), for his en-
couragement, patience, and graciousness to an aspiring
graduate student. I visited his laboratory several times
to learn as much as I could about photosynthesis and
became friends for life.

V. Further Adventures and Advances

The notion that pursuing higher education would pre-
clude my returning to Hawaii proved wrong. A year
before completing the Ph.D., I was offered and ac-
cepted a position in the newly formed Department of
Food Science and Technology in the College of Trop-
ical Agriculture at the University of Hawaii. By then I
had two children, and a secure job was attractive. For
the first few years, I pursued research related to agri-
culture and refrained from working on the xanthophyll
cycle, expecting that another student in Chi’s lab would
take up the work. When it became clear that no one
would, I returned to the xanthophyll cycle, focusing
on the biochemistry with the long-range objective of
gaining insights into function. During my xanthophyll
cycle hiatus (1962–65), Achim Hager made significant
progress on the cycle’s biochemistry. He showed that
violaxanthin de-epoxidase (VDE) was localized in the
chloroplast lumen and required ascorbate and low pH
for activity (Hager, 1966). The cycle’s transmembrane
organization (Fig. 3) was established when both groups
showed that the reverse epoxidation of zeaxanthin to vi-
olaxanthin occurred on the stromal side of the thylakoid
at near neutral pH in the presence of NADPH and O2

(Hager, 1975; Siefermann and Yamamoto, 1975).
Working on the xanthophyll cycle in Hawaii was

not easy. Funding was limited, and there were no
researchers nearby with whom I could interact that
were engaged in related work on photosynthesis or
carotenoid biosynthesis. Fortunately, grants from the
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Fig. 2. 1974 photograph of David I. Sapozhnikov’s group given to me by O. Koroleva when I visited St. Petersburg in 1989. Front
row from left: I. Popova, D. I. Sapozhnikov, S. Eidelmann, O. Popova. Back row from left: E. Morkovskaja, M. Gabr, O. Koroleva,
T. G. Maslova, and G. Kornjushenko.

Fig. 3. VAZ transmembrane pathway for the xanthophyll cycle in higher plants.
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Fig. 4. Autographed banquet menu from the 1965 NATO Advanced Study Institute on the Biochemistry of Chloroplasts in Aberyst-
wyth, Wales. In addition to names already mentioned, signatures by Trevor Goodwin, Giorgio Forti, Martin Gibbs, Norman Krinksy,
Harold Strain, Jack Pries and Joseph Bradbeer, among others, are also present. How many signatures can you, the reader, recognize?
It was exciting for me to be at this meeting of such notable scientists, most of whom I met for the first time.

National Science Foundation, the U.S.D.A. Competi-
tive Grants Program, and the Department of Energy al-
lowed me to continue research on the VAZ cycle. These
grants also enabled me to travel about once a year to
a major meeting on photosynthesis. Given my isola-
tion from the mainstream of photosynthesis research,
the importance of attending these meetings cannot be
overemphasized. The first international meeting I was
privileged to attend was the Advance Study Institute on
the Biochemistry of Chloroplasts held in Aberystwyth,
Wales in 1965, sponsored by the North Atlantic Treaty
Organization (NATO). I believe my invitation to attend
came from Trevor W. Goodwin. While looking through
memorabilia in preparation for this perspective, I found
the menu that I had passed around for signatures at
the farewell dinner meeting (Fig. 4). I hope readers
can make out the names in this marvelous collection
of signatures. Among them are Robin Hill, Tony San

Pietro, C. Stacy French, Dan Arnon, and many more,
with apologies to those I have not mentioned.

Contact with the photosynthesis and plant biochem-
istry community has been an essential part of my
forty-year stroll through the xanthophyll cycle and has
created opportunities I might otherwise have missed.
For example, in 1968 I spent my first sabbatical with
Leo Vernon at the C.F. Kettering Research Laboratory
in Yellow Springs, Ohio. There I met Teruo Ogawa,
who was completing a postdoctorate with Leo, and
with whom I became close personal friends. Teruo
introduced me to the “opal glass” spectrophotometric
technique perfected by Kazuo Shibata for measure-
ment of light-scattering samples (Shibata, 1973).
Upon returning to Hawaii, I applied the technique to
chloroplast suspensions and found that violaxanthin
de-epoxidation was detectable as a difference spec-
trum, with a peak at 505 nm, and could also be followed
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kinetically at 505 minus 540 nm (Yamamoto et al.,
1972). This sensitive and rapid method for in situ mea-
surement of xanthophyll cycle activity in chloroplasts
was key for much of the progress we made during
the 30 years that followed. Early applications of the
spectrophotometirc assay included the discovery of the
“availability” phenomenon, the intensity-dependent
fractional release of violaxanthin from the total
pool (Siefermann and Yamamoto, 1974); inhibition
of VDE by dithiothreitol (Yamamoto and Kamite,
1972); and epoxidation of zeaxanthin to violaxanthin
(Siefermann and Yamamoto, 1975). The method was
also well suited for in vitro studies that demonstrated
the requirement of lipid for de-epoxidation of pure
violaxanthin (Yamamoto et al., 1974) and the substrate
stereospecificity of VDE (Yamamoto and Higashi,
1978). The spectrophotometric assay of VDE activity
remains useful to this day. It was recently applied
to demonstrate that monogalactosyldiacylglycerol
(MGDG), the major thylakoid membrane lipid, has a
limited capacity to accommodate zeaxanthin and when
this capacity is exceeded, stereospecific product feed-
back inhibition of VDE results (Hieber et al., 2004).

The serendipitous discovery of MGDG as the op-
timal chloroplast lipid for in vitro de-epoxidation of
violaxanthin proved important. While I was able to ob-
tain de-epoxidation of violaxanthin bound in washed
thylakoid membranes, the same crude VDE prepa-
ration had no activity against purified violaxanthin,
as had been reported by Hager (1966). Violaxanthin
is insoluble in aqueous buffer, and various attempts
to suspend or solubilize violaxanthin in a form that
yielded activity failed. Isomerization and decomposi-
tion of the preparation were excluded as possible rea-
sons. In the course of these tests, I ran out of the vio-
laxanthin preparation that I had been using and, as a
matter of convenience, recovered violaxanthin from
“fat plates”* that Dorothea Siefermann, then a post-
doctoral researcher in my laboratory, happened to be
using for analysis of chloroplast pigments. Violaxan-
thin that was eluted from these plates with acetone
and used without further purification gave rapid and
nearly complete conversion to zeaxanthin. The reason
for this success was traced not to coconut oil from the
plates but rather to a lipid component in the unsaponi-
fied extract that co-chromatographed with violaxan-
thin. C. Freeman Allen earlier had separated the lipids
in chloroplasts (Allen et al., 1966) and he kindly sent
me samples that he still had on hand. All of the lipid
samples we received supported de-epoxidation to vary-
ing degrees. We subsequently prepared a complete set
of the major chloroplast lipids and found that MGDG
was the most effective, giving rapid and complete

de-epoxidation of violaxanthin in about 5 minutes un-
der optimal conditions (Yamamoto et al., 1974). These
results helped define the in vivo substrate of VDE: the
violaxanthin that is converted to zeaxanthin is free
in the membrane lipid phase rather than bound to
pigment proteins. Exchanges between protein-bound
pigments and free pigments in the lipid phase are
implied. Recently, model systems consisting of soy-
bean phosphatidylcholine only (Grotz et al., 1999)
or egg phosphatidylchloline combined with MGDG
(Latowski et al., 2002) have confirmed that lipid is
required for “activation” of pure violaxanthin. How-
ever, de-epoxidation in these presumably bilayer sys-
tems were relatively slow and incomplete compared to
de-epoxidation in the MGDG micelle system. MGDG
constitutes a much larger fraction of the total chloro-
plast lipid: 60% to phosphatidylcholine’s 2% or less
(Webb and Green, 1991) and thus the micelle system
may more closely approximate the in situ environment
of free violaxanthin. Whatever model system is em-
ployed, violaxanthin should be prepared from saponi-
fied extracts to avoid artifacts from even trace amounts
of contaminating chloroplast lipid.

We used the pH-dependent binding of VDE to the
thylakoid membrane and to MGDG to obtain the par-
tial C-terminal sequence (Rockholm and Yamamoto,
1996), which was then used to clone the gene and ex-
press the VDE protein (Bugos and Yamamoto, 1996).
The complete sequence showed that VDE was a
lipocalin enzyme, the first identified in plants** (Bugos
et al., 1998; Yamamoto et al., 1999). This finding
confirmed conclusions drawn 20 years earlier–before
lipocalins were known to exist–that the shape of the
VDE active center resembled a deep well (Yamamoto
and Higashi, 1978). The cloned VDE carried out the
forward VAZ reaction, providing strong evidence that
the reaction could be catalyzed by a single enzyme with
mono-de-epoxidase function. Evidence that a single
gene product accounted for de-epoxidation was shown
by Niyogi et al. (1998), in which a deletion mutation
in Arabidopsis inhibited all de-epoxidase activity. The
cysteine rich domain in the N-terminal sequence and
highly charged domain in the C-terminal sequence ex-
plained, respectively, the DTT inhibition (Yamamoto
and Kamite, 1973) and the pH-dependent membrane
binding of VDE (Rockholm and Yamamoto, 1996).

My walk through the xanthophyll cycle took sev-
eral administrative detours from 1980–82, 1982–86,
and 1994–96 as Acting Associate Dean of Research,
Chair of the Department of Plant Molecular Physiol-
ogy, and Director of the Hawaii Agricultural Experi-
ment Station, respectively. During the second of these,
another chance occurrence caused me to refocus on
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research. It was popular for a time to hold small, in-
formal bi-national conferences in Hawaii. One such
conference, on photoinhibition, was held in Honolulu
in 1985. At that time the subject was outside of my
field of interest, but I attended on invitation from David
Fork, whom I knew from visits to Carnegie during
my days as a graduate student. One report by Olle
Björkman caught my attention. He showed the kinetics
of chlorophyll fluorescence quenching resulting from
photoinhibition, which I recognized as being similar
to the kinetics of violaxanthin de-epoxidation. After
the meeting, I wrote a research proposal, including
a request for a pulse-amplitude modulated fluorom-
eter (PAM)*** that I would need to investigate the
possible connection between photoinhibition and zea-
xanthin formation. The grant proposal was successful
but I was “scooped” by publication of a seminal pa-
per by Demmig et al. (1987) that reported the correla-
tion between non-photochemical quenching (NPQ) and
zeaxanthin formation. Barbara Demmig had, in fact,
noted the possible correlation a few years earlier but
had difficulty convincing others of its reality. (For an
interesting account of the events surrounding her im-
portant discovery, see Demmig-Adams, 2003.) Later,
Adam Gilmore showed by a modeling technique that
antheraxanthin also contributed to NPQ as effectively
as zeaxanthin (Gilmore and Yamamoto, 1993). It is
now common practice to express de-epoxidation as the
de-epoxidation state (DES), or (Z + A)/(V + A + Z),
in conjunction with NPQ. The question of whether the
correlation is a direct or indirect effect was recently
answered with evidence that zeaxanthin is a direct
quencher of excess energy (Ma et al., 2003).

Advances in research often result from the coupling
of new analytical instrumentation or methods with the
efforts of talented and dedicated individuals. This is
certainly the case for contributions my laboratory made
regarding the xanthophyll cycle and its relationship to
NPQ. In terms of technology, the 505-nm absorbance
change associated with de-epoxidation, the MGDG
model system, and the HPLC method for resolution of
zeaxanthin and lutein made significant differences in
our research. The 505-nm change and development of
the PAM provided an exceptional opportunity to exam-
ine xanthophyll cycle activity and NPQ simultaneously
in chloroplasts. This application made it possible to
show that although de-epoxidation and NPQ were both
induced by light-dependent low pH, the protons for
each were localized in different domains of the mem-
brane (Mohanty and Yamamoto, 1996). I have not un-
derstood why the relatively simple opal-glass technique
for the 505-nm change has not found more use, espe-
cially since it can be used simultaneously with NPQ

measurement. In contrast, the HPLC method we devel-
oped for analysis of plant pigments is in wide use today
(Gilmore and Yamamoto, 1991). As with the identifica-
tion of the 505-nm change and the development of the
MGDG model system, we arrived at this method some-
what by circumstance. Thayer and Björkman (1990)
had reported an HPLC method that separated lutein
and zeaxanthin but the column they used was no longer
available. Based on my previous experience in sepa-
rating lutein and zeaxanthin by sequential partitioning
and absorption columns, we looked for a column that
had both of these properties. ODS-1 was identified as
a possibility because of its light carbon loading and
non-endcapping of active silyl groups. The column per-
formed as we hoped.

Although the mechanism of quenching has largely
been resolved, numerous questions about the xantho-
phyll cycle remain. The physiology of the cycle is not
well understood. The pool size of violaxanthin and the
fraction of the pool that is active in the cycle vary among
plant species and growth conditions (Demmig-Adams
et al., 1999, this volume). There is a growing body of
evidence that the cycle’s operations may be related to
more than just NPQ (Yokthongwattana and Melis, this
volume). If the cycle has multiple functions, how are
these functions regulated? Mutant studies suggest that
the cycle in not essential for photosynthesis (Jung and
Niyogi, this volume) and yet, as far as I am aware,
all wild-type plants have the xanthophyll cycle. Why
has nature retained this complex, apparently multifunc-
tional system if it is not of some critical advantage?
Did the system provide the adaptability to light en-
vironments needed for terrestrialization over multiple
generations? Is it simply coincidental that the domi-
nant photosynthetic life forms in the ocean and on land
have xanthophyll cycles, the diadinoxanthin cycle and
the VAZ cycle, respectively? The xanthophyll cycle
has been related to photoprotection of plants against
sudden and prolonged light stress (Verhoeven et al.,
2001) and to improved plant fitness, as indicated by
seed production, under fluctuating light intensities of
the natural environment (Külheim et al., 2002). Inter-
estingly, only half of the VAZ cycle (to antheraxan-
thin) appears to be present in a few Rhodophyceae
(Aihara and Yamamoto, 1968) and in Mantoniella
(Goss et al., 1998). Are these species less fit? We re-
cently proposed that zeaxanthin functions as a messen-
ger in a signal-transduction network that operates in
the lipid phase of the chloroplast membrane to explain
the cycle’s multifunctional capabilities (Hieber et al.,
2004). As one who has been involved with the xantho-
phyll cycle for nearly 45 years, I am surprised at how
the questions seem never to end.
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Fig. 5. Millie and I seated for lunch in Bagan during a recent
tour of Myanmar.

VI. Many Thanks to Many

The cycle was the vehicle through which I entered the
world of photosynthesis, traveled world wide, and made
many good friends. I thank the photosynthesis commu-
nity, the granting agencies, students, postdoctoral re-
searchers, and colleagues for making my journey such
a joy. I have also been blessed with recognition from
peers through two awards, the Samuel Cate Prescott
Award for Research in 1969 from the Institute of Food
Technologists and the Charles Reid Barnes Life Mem-
bership Award in 2003 from the American Society of
Plant Biologists. I extend special thanks to Govindjee,
who offered me encouragement at every stage. Most
importantly, I thank my family, especially my wife, Mil-
lie, for being understanding and supportive of my “ob-
session” for these many years. Now that I am retired,
we have more time to spend together (Fig. 5). The ques-
tion that I asked so many years ago as to why higher
plants have retained the cycle remains unanswered. To
all who will be continuing the walk, I look forward to
learning what you find. I hope you enjoy the journey as
much as I have!

Notes

*Fat (Egger) plates are Kieselguhr G plates that are
dipped in hydrogenated coconut-oil/hexane solution
and dried prior to use (Egger, 1962; also see Yamamoto,
1985). The plates, equivalent to a C18 endcapped HPLC
column, resolve chlorophylls and carotenoids, except
for lutein from zeaxanthin, in unsaponified chloroplast
extracts. Inasmuch as lutein concentration is not nor-
mally affected by light treatments, Egger plates are an

inexpensive method for tracking xanthophyll cycle ac-
tivity.

**Lipoclains are a family of proteins that transport
small, hydrophobic molecules such as retinol and por-
phyrins.

***I met Ulrich Schreiber, the developer of the PAM,
at the 1971 International Congress of Photosynthesis
meeting in Stresa, Italy. He approached me to dis-
cuss my paper on the incorporation of 18O from O2

into antheraxanthin and violaxanthin (Takeguchi and
Yamamoto, 1971). I always appreciated his expression
of interest, which was offered long before much was
known about fluorescence quenching, let alone its re-
lationship to the xanthophyll cycle.
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Summary

This perspective advocates a holistic view of photoinhibition from the molecule to the biosphere; a view that inte-
grates many biophysical and biochemical processes in antennae and reaction centers of the photosystems that, when
acting in concert, allow plants to respond to diverse and dynamic light conditions in many different environments.
We take the general view that photoinhibition refers to a reduction in the efficiency of light use in the photosyn-
thetic apparatus (Kok, 1956). Since the 1970s, biochemical, ecophysiological, and genetic studies of photosynthetic
functions in strong light, in vivo and in situ, and their interactions with biotic and abiotic stresses, have significantly
advanced our understanding of photoinhibition. We trace some origins of the idea then, that slow dark reactions,
such as growth, CO2 assimilation, photorespiration, and photosynthetic electron transport, ultimately limit light use
in photosynthesis, and thus determine whether light is in excess and the magnitude of “excitation pressure” in the
photosynthetic apparatus at any moment. This and other ideas are followed through studies of photoacclimation in
leaves of plants and algae from diverse terrestrial and marine environments.

We highlight two currently interesting possibilities for the photoprotective dissipation of “excitation pressure”
that reduce the efficiency of photosynthesis by changes in structure and function of antenna pigment-protein com-
plexes and in the populations of functional and non-functional PS II centers. We conclude by briefly considering
challenges presented now by the discovery of “gain of function”, very high light resistant (VHLR) mutants of Chlamy-
domonas, by the accessory lutein-epoxide cycle, and by technologies for remote sensing of photoinhibition in the
field.

I. What Then?

This perspective reviews some hypotheses that have
stimulated research in photoinhibition since its renais-
sance in the 1970s through studies of the slow, dark re-
actions of photosynthesis, and their implications for the

∗Author for correspondence, email: barry.osmond@anu.edu.au

faster, primary light reactions. Then as now, hypotheses
were only as good as the experiments they provoked, so
these ideas flourished as tools improved for assessing
photosynthetic functions in vivo and in situ. Our eclec-
tic pursuit of these ideas would have been impossible,
then or now, without generous access to the needed
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infrastructure, made available in a timely fashion by a
network of collaborators worldwide.

In the 1970s the Research School of Biological
Sciences (RSBS), Institute of Advanced Studies at
the Australian National University provided a stimu-
lating setting for creative colleagues and students of
great initiative. Barry Osmond drifted into research on
photoinhibition unfettered by peer review (that “well-
meaning but narrow-minded nanny of an institution
(that) ensures that scientists work according to con-
ventional wisdom and not as curiosity or inspiration
moves them”; Lovelock, 1990). This environment also
attracted distinguished visiting scientists and founda-
tions were laid then for many later collaborations and
expansion of ideas in other laboratories as one’s distrac-
tions and responsibilities multiplied. In one of these, a
generation later, an exchange program brought Britta
Förster from the Freie Universität Berlin to the joint
laboratory of John Boynton and Nick Gillham at Duke
University. There we were fortunate to find our ideas
accepted in an established genetic program where a
decade of support from an exceptionally broad-minded,
peer-reviewed program of basic energy research in the
US Department of Energy allowed us to pursue genetic
analyses of key processes in photoinhibition.

Recalling that a picture is worth a thousand words,
we would like to bracket this essay with two images cre-
ated by the processes of photoinhibition. These images
carry us from a century old, then comprehensive ac-
count of “assimilation inhibition” by strong light (pho-
toinhibition), to visualization now of the questions of
photoinactivation and photoprotection in chloroplast
grana. Our images were printed by photoinhibiting
leaves from a plant (Cissus) grown in deep shade, by
exposure to full sunlight while covered with 35 mm
black and white film (negative and positive; Osmond
et al., 1999). Photoinhibition occurred in leaf cells un-
der the more transparent areas of the film, quenching
chlorophyll fluorescence so that a positive image could
be revealed by a filtered digital camera system, or re-
solved to the level of granal stacks of chloroplasts in
leaves using a confocal microscope.

Text excerpts of Ewart (1896) on a microfiche nega-
tive remind us of a century of progress in technolo-
gies available for photosynthetic research (Fig. 1).
Ewart observed “assimilatory inhibition” (reasonably
equated today with photoinhibition) in leaf tissue slices
from shade plants after exposure to strong light. Us-
ing Engelmann’s method, he found that fewer O2-tactic
bacteria congregated adjacent to chlorophyll bodies
(chloroplasts) in leaf cells after strong light treatment,
indicating reduced O2 evolution (indicating photoinhi-

Fig. 1. Photoinhibitory print on a Cissus leaf, viewed as chloro-
phyll fluorescence, showing text excerpts from the introduction
of Ewart (1896) that describe the context and methods of his
early investigations of what we now refer to as photoinhibition
(Osmond et al., 1999, with permission).

bition). Although we have now come a long way tech-
nologically, many of the questions addressed by Ewart
remain unresolved today. One may ask why so little at-
tention was paid, for so long, to evidence exhaustively
assembled by Ewart and many others, indicating expo-
sure to “excess light” impairs the efficiency of photo-
synthesis?

It may be that most of the chlorophyll on the planet
is to be found in the shade and, by focusing on un-
derstanding the principles of efficient light utiliza-
tion in weak light, we took it for granted that plants
must have evolved sophisticated means of dealing with
exposure to strong light. Negative and positive pho-
totaxis is widespread among motile photosynthetic
cyanobacteria and algae, but among immobile higher
plants comparatively few have evolved light avoiding
leaf or chloroplast movements (Kasahara et al., 2002).
Some plants, like Cotyledon obiculata, manage ex-
ternal photoprotection with reflective wax and only
engage internal, xanthophyll de-epoxidation defenses
when brush-wielding, curiosity-driven researchers in-
terfere with the natural order of things (Robinson and
Osmond, 1995). Although shade and sun species, and
even shade and sun ecotypes, can be distinguished,
many plants survive and grow in habitats of glaring
sunlight so there seemed to be no obvious problem. As
tools emerged for assessing photosynthetic functions of
plants in the natural environment, it became clear that
photosynthetic efficiency declined in “excess light” and
in response to stress. We now know that molecular
mechanisms to repair photoinactivation or photodam-
age, and strategies for “lowering the shades” through
photoprotection, have evolved to ensure photoinhibi-
tion in strong light is usually reversible. Although
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Fig. 2. Photoinhibitory print on a Cissus leaf, viewed as chloro-
phyll fluorescence in a confocal microscope. Cells under the
shaded areas of the printed image (a) contain chloroplasts with
highly fluorescent PS II centers in grana. Cells under transpar-
ent areas of the image were photoinhibited (b), and fluorescence
from grana in chloroplasts of these cells is much reduced (Os-
mond et al., 1999, with permission).

the confocal microscope allowed Owen Schwartz and
Brian Gunning to trace chlorophyll fluorescence to the
granal stacks of chloroplasts (Fig. 2) in light and dark
areas of photoinhibition images (e.g. Fig. 1), we still
do not know whether the slow recovery of fluorescence
yield from these grana is due to slow repair of PS II
reaction centers photoinactivated by strong light, or to
sustained photoprotection in the antenna that reduces
excitation transfer to the PS II centers, or to both.

II. From Photorespiratory CO2 Cycling
to Photostasis

There was a time in the 1960s when some thought
that leaves were so complicated that photosynthesis re-
search was best advanced by systematic elimination of
artifacts in experiments with cells from algal cultures
grown on the window ledge, or with chloroplasts and
thylakoids isolated from market spinach. Others were
challenged to explore genecological differentiation of
sun and shade ecotypes (Björkman and Holmgren,
1963), and Olle Björkman’s studies of leaf and
thylakoid responses to light, from photoacclimation to
photoinhibition, in plants from the rainforest to the
desert stimulated a renaissance of research in pho-
toinhibition. During his first sabbatical in RSBS, Olle
compared the stability of PS II in thylakoids from sun
and shade grown C3 Atriplex triangularis (syn. patula
ssp. hastata) following the approach of Jones and Kok
(1966). These experiments rekindled interest in the
effects of excess light on the efficiency of primary

photosynthetic processes, and initiated a long-standing
collaboration on photoinhibition.

A comparative study of photorespiratory carbon
metabolism in C3 and C4 species of Atriplex led to
the then improbable speculation that photorespiratory
carbon recycling in C3 plants “provides one mech-
anism whereby much of the energy input normally
associated with net CO2 fixation can be consumed
without net carbon gain”, and that this could miti-
gate “a vast excess of excitation energy that would
(otherwise) lead to a destruction of the reaction centers
of the photosystems” (Osmond and Björkman, 1972).
After some preliminary experiments, and spurred by a
report from Cornic (1976), the latent hypothesis was
presented as a research topic to Steve Powles, then an
aspiring PhD student uninhibited by previous labora-
tory experience. Steve fast-tracked the hypothesis from
first publication (Powles and Osmond, 1978) to Annual
Reviews (Powles, 1984). Supporting studies with CO2-
fixing chloroplasts of C3 plants (Krause et al., 1978)
stimulated further synthesis of the interactions be-
tween photorespiration and photoinhibition (Osmond,
1981). Since then, control of CO2 supply in the light
has been used in many ways to maximize or mitigate
“excitation pressure” and to unravel the dimensions
of photoinhibition in diverse organisms, ranging from
manipulation of internal CO2 generated by malic acid
decarboxylation in CAM plants (Adams and Osmond,
1988), incubation of marine algae in CO2-free seawa-
ter (Osmond et al., 1993), and growth of lab cultures
of Chlamydomonas reinhardtii in air or CO2-enriched
atmospheres (Förster et al., 2001a).

The notion that “futile” photorespiratory CO2 cy-
cling, which is an “inevitable consequence” of the
evolution of O2-sensitive Rubisco in a CO2-rich but
O2-depleted atmosphere (Lorimer and Andrews,
1973), might in part prevent photoinhibition of water-
splitting, O2-evolving light reactions of photosynthe-
sis, has become more appealing with time (Osmond
and Grace, 1995). Now broadly and more elegantly
articulated as the concept of photostasis, “the pre-
disposition of photosynthetic organisms to maintain a
balance between energy input through photochemistry
and subsequent energy utilization through metabolism
and growth” (Öquist and Huner, 2003), the idea seems
generally accepted that slow dark reactions ultimately
limit light use in photosynthesis and determine whether
light is in excess, thereby determining the magnitude of
“excitation pressure” in the photosynthetic apparatus at
any moment.

It is not surprising now that sense and antisense ex-
pression of the key photorespiratory enzyme glutamine
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synthetase in tobacco chloroplasts respectively protects
and sensitizes these plants to photoxidative damage
in strong light (Kozaki and Takeba, 1996). However,
misgivings then as to the extent of photoprotection con-
ferred through photorespiratory carbon cycling dur-
ing water stress were raised in Powles (1984), and
the issue has remained unresolved and controversial.
The key question is whether intercellular CO2 concen-
trations settle to the compensation point under water
stress, and the current view is well articulated by Cornic
and Fresneau (2002). Perhaps the most conclusive ev-
idence comes from Olle’s experiments with schlero-
phyllous xerophytes such as Arbutus menzesii exposed
to extreme water stress, in which 25–35% of absorbed
photons seem to be consumed in electron transport as-
sociated with photorespiratory CO2 recycling (zero net
CO2 assimilation) in full midsummer sunlight (Badger
et al., 2000). It is now recognised that the rest of the
“excitation pressure” is dissipated as heat in processes
that were simply beyond our ken in 1972.

III. Mechanisms of Photoinhibition

Plant biologists are no more prone to reductionism than
other natural scientists, but the complexity of biological
systems and the diversity of organisms and environ-
ments tends to encourage prematurely exclusive hy-
potheses as mechanistic insights deepen. A decade ago
it seemed necessary to stand back from the feverish pur-
suit of two, then largely exclusive, explanations of un-
derlying mechanisms of photoinhibition. One focused
on photoinactivation when excess excitation reached
the PS II reaction center; the other focused on regula-
tory processes in the antennae that reduced excitation
transfer to PS II, thereby achieving photoprotection.

Molecular insights into the mechanisms of PS II in-
activation as an explanation for photoinhibition were
greatly stimulated by recognition of the rapid turnover
of the D1 polypeptide, the “suicide polypeptide” in al-
gae and thylakoids (Kyle et al., 1984). To the pessimists
it seemed that the weak link, the fundamental flaw, at
the heart of the photosynthetic apparatus, had been dis-
covered. Charlie Arntzen was quick to recognize the
implications for photoinhibition in vivo and a bilateral
Australia-US workshop held in the East West Center
in Hawai’i soon expanded consideration of photoin-
hibition from reaction center functions to ecosystem
processes. It is fair to say that for a few years most
researchers then embraced photoinactivation of PS II
reaction centers as the underlying feature of photoin-
hibition in vivo. Much subsequent research has been
devoted to placing the processes of D1 turnover into

context (Aro et al., 1993; Adir et al., 2003) as will be
related in the perspective by Edelman and Mattoo (this
volume) in Chapter 3.

With 20:20 hindsight, the biggest oversight of the
Hawai’i meeting was just around the corner in the lab-
oratory of Harry Yamamoto. But who then could have
anticipated that the already well-known xanthophyll
pigment interconversions would have such an impact
on our thinking about photoinhibition? It is for Harry
to relate how the xanthophyll cycles in lettuce leaves
and green tomatoes came to assume such a central
role in our understanding of “excitation pressure” in
photosynthesis (Yamamoto, this volume). The historic
demonstration by Demmig et al. (1987) of a correla-
tion between the pool size of zeaxanthin in leaves and
fluorescence quenching in strong light in the absence
of CO2 and photorespiration, opened the door to under-
standing of photoprotection (Demmig-Adams, 2003).
Subsequent research in Barbara Demmig-Adams and
William Adams’ laboratories in Boulder led the way
for what is now a near universal mechanism for dissi-
pation of excess light in the photosynthetic apparatus
as heat (Adams et al., Demmig-Adams et al., this vol-
ume). By and large these insights emerged from in vivo
and in situ studies of plant leaves and algae grown un-
der controlled conditions in laboratories or examined
by ecophysiologists in the field.

It is still difficult to resolve whether the decline in
photosynthetic efficiency after exposure to strong light
is due to a sustained reduction in the population of
functional PS II centers, or due to reduced transfer of
excitation from antennae to an unchanged population
of functional centers, or to both. At bottom, if the re-
sponse was dominated by the former, one would expect
that no amount of additional light could restore max-
imum photosynthetic rate in a photoinhibited system.
If it were dominated by the latter, it should be possi-
ble to restore maximum photosynthetic rate with in-
creased light (Fig 1.2 in Osmond, 1994). It has proved
surprisingly difficult to distinguish these possibilities
experimentally. Instead, studies of photoacclimation in
the photosynthetic apparatus of plants from different
habitats, and in mutants, have brought a more holistic
approach to our understanding of photoinhibition.

IV. Photoacclimation: Yin-Yang and the
Compromise between Photoinactivation
and Photoprotection

The selective pressure of the light environment is well
appreciated by ecophysiologists, who recognize that the
capacity for acclimation from one light environment
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to another varies greatly between and within species.
Genecotypic differentiation with respect to shade and
sun habitats (Björkman and Holmgren, 1963) remains
one of the best (and still under-exploited) contexts
for experimental research in photoinhibition, with all
the components of photostasis arrayed for assess-
ment. Traditionally, the capacity for acclimation has
been assessed in transfer experiments, from low light
growth environments to high light treatments (and
vice versa) that tend to unmask the real significance
of components of the photosynthetic apparatus imag-
ined to be of paramount importance to photoinhi-
bition.

Thus the ecotypes of Solanum dulcamera (“bit-
tersweet”) discovered by Gauhl (1976) were used to
uncover the limiting role of nitrogen nutrition in shade-
sun acclimation with increased sensitivity to pho-
toinhibition under low nitrogen (Ferrar and Osmond,
1986). Nitrogen dependence was also established for
photoacclimation and survival of intertidal Ulva ro-
tundata in seawater (Henley et al., 1991) and the
possibility emerged that a nitrogen-depleting biotic
stress, such as severe virus infection, could also in-
fluence photoacclimation (Balachandran and Osmond,
1994) and the fitness of infected plants in shaded and
sun habits (Funayama et al., 2001). In general, lim-
iting nitrogen prevents acclimation, i.e. increase in
light-saturated photosynthesis, presumably because of
the huge nitrogen investment in Rubisco, and ren-
ders plants more sensitive to photoinhibition. Indeed,
Kato et al. (2003) have now shown that the first or-
der rate constant for PS II photoinactivation is de-
termined by the excess energy not used in photo-
synthetic electron transport or dissipated as heat, and
in turn, that this excess is responsive to nitrogen
nutrition.

At about the same time, Jan Anderson initiated
a systematic, quantitative biochemical assessment of
changes in the components of the photosynthetic ap-
paratus when leaves were transferred from shade to
sun (Leong and Anderson, 1983), so that when the
organizers of the Hawai’i workshop invited partici-
pants with differing perspectives to co-author chap-
ters, another long-standing collaboration was initiated
(Anderson and Osmond, 1987). Many studies now con-
firm the higher capacity of Rubisco, electron transport,
and violaxanthin de-epoxidation in nitrogen replete sun
plants compared with shade plants, conferring high
de-epoxidation state (DES = [antheraxanthin] + [zea-
xanthin] / [violaxanthin] + [antheraxanthin] + [zea-
xanthin]) and non-photochemical chlorophyll fluores-
cence quenching (NPQ), a low reduction state in PS II
centers, rapid repair of D1 protein-damaged reaction

centers, and sustained photoprotection in strong light
(given that other electron acceptors and intermediates
are not limiting) are required to secure photoacclima-
tion.

Experiments manipulating the excitation pressure
on shade and sun grown Ulva rotundata using CO2-
depleted seawater, dithiothreitol to inhibit violaxan-
thin de-epoxidase and the xanthophyll cycle, and
chloramphenicol to inhibit chloroplast protein synthe-
sis (Osmond et al., 1993), showed photoprotection and
photoinactivation as different interacting processes de-
termining the response to photoinhibition at different
time scales. These weekend experiments, with col-
leagues in the sanctuary of the Duke University Marine
Laboratory, catalysed the formulation of the holistic,
Yin-Yang interpretation of interactions among many
dynamic and interlinked factors that determine the sta-
bility of the photosynthetic apparatus during photoac-
climation (Osmond, 1994).

Photoacclimation per se has not been pursued to
any great depth in unicellular model photosynthetic
systems, and interpretations are often complicated
by the use of heterotrophic or partially heterotrophic
culture conditions. One study with Chlamydomonas
reinhardtii confirmed the expectation that priority
was accorded to restoration of PS II reaction center
function on transfer from low to high light treatments.
Cell division stopped on transfer to high light,
Rubisco large sub-unit synthesis dropped rapidly
within minutes and only resumed hours later, and
translation of psbA mRNA accelerated, facilitating a
10-fold enhancement of D1 protein synthesis within
the 12 h required for restoration of photosynthetic
efficiency and cell division (Shapira et al., 1997). Other
chemostat experiments demonstrated that D1 protein
catalysis mutants (herbicide resistant) out-compete D1
protein synthesis mutants (Heifetz et al., 1997), and
there is scope for expansion of this approach.

Anticipating that some assessment of the potential
for shade-sun acclimation in Arabidopsis thaliana also
might be useful for the future evaluation of photoin-
hibition mutants, Russell et al. (1996) undertook a
comprehensive set of experiments to test the limits
to photoprotection and the extent of photoinactivation
in the course of photoacclimation in wildtype. Impor-
tantly, these experiments showed that plants grown at
200 μmol photons m−2 s−1 and transferred to irradi-
ances that saturated photosynthesis (400 μmol pho-
tons m−2 s−1) experienced little perturbation of pho-
tosynthetic parameters during exposures of up to 24 h.
Increasing time of exposure to above-saturating irradi-
ances (1,350 and 2,200 μmol photons m−2 s−1) elicited
a 50% increase in total violaxanthin cycle pigments and
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increased (but incomplete) de-epoxidation, in spite of
which (or because of which?) PS II efficiency, func-
tional PS II centers, and anti-body detectable D1 pro-
tein declined markedly. Clearly, in this “lab weed” Yin
rose in the face of an inadequate Yang, but initially
at least, photoacclimation was not achieved. The Yin-
Yang formulation of interactions between these two
“cultures” of research seemed to offer promise of a
more holistic framework then, but it is for this volume
to establish whether fascination with one or other hy-
pothesis, to the exclusion of the other, is now declining.

V. Then There was the Leaf Disc O2

Electrode, and Now There is Rapid
Response Gas Exchange

As in most areas of photosynthesis research, progress
in understanding photoinhibition in vivo and in situ
depended on development of instruments and their
creative applications in different contexts. Often these
applications and insights emerged in the course of vis-
its to the laboratories of collaborators, ranging from
a few days before or after a conference, to months
on sabbatical. Thus the network of “safe houses”, a
concept borrowed from the best spy fiction of the
Cold War era, came to feature in the aspirations
of colleagues overwhelmed with administrative and
other obligations, and with the network came novel
“toys”. For example, David Walker’s first escape to
the Canberra laboratories introduced us to the leaf
disc O2 electrode system (Delieu and Walker, 1983).
Compared with more complex gas exchange systems,
this device proved ideal for measuring the efficiency
of photosynthetic O2 evolution at CO2 saturation, es-
pecially in CAM plants (Adams et al., 1986). When
configured for room temperature fluorescence analy-
sis, the device became indispensable for photoinhi-
bition research in vivo, and tales abound as to its
impact. David, for example, was dismayed to find
that otherwise perfect Sheffield spinach leaves could
not be induced to oscillate in the same way as bar-
ley, and thus were recalcitrant in revealing regulatory
interactions between carbon metabolism, bioenerget-
ics, and photoinhibition in vivo. One visitor of an-
tipodean orientation, impressed by evidence for shade
adapted photosynthesis on the underside of leaves
(Terashima and Inoue, 1985), presented the leaf disc
upside down to the then available light sources, re-
stored oscillatory behaviour, and David’s faith in pho-
tosynthetic regulation in spinach (Walker and Osmond,
1986).

Olle Björkman had built a simplified apparatus for
77K fluorescence analysis in vivo to assess photoinhi-
bition (Powles and Björkman, 1982) and applied it to
evaluate light avoiding leaf movements in Oxalis and a
water-stressed pasture legume (Ludlow and Björkman,
1984). He also built a better light source for David’s
leaf disc electrode, deploying a prototype made from
a coffee can to measure mangrove photosynthesis on
the beach at a North Queensland “safe house” (or so
the story goes). When the leaf disc electrode was used
in conjunction with 77K fluorescence, the “gold stan-
dards” for efficiency of the dark and light reactions
of photosynthesis in vivo were established for vascu-
lar plants (Björkman and Demmig, 1987). The meth-
ods were then used to confirm enhanced sensitivity to
photoinhibition under zero CO2 and 2% O2, i.e. in the
absence of photorespiration (Demmig and Björkman,
1987) and in CAM plants denied internal CO2 from the
decarboxylation of malic acid (Adams and Osmond,
1988).

The research team at Duke University Marine Lab-
oratory made the transition from laborious 77K flu-
orescence measurements (Henley et al., 1991) to
automated O2 electrode and pulse-amplified modu-
lated fluorescence (PAM) analysis of photoinhibition
and photoacclimation in Ulva (Franklin et al., 1992;
Osmond et al., 1993). Plants collected from the channel
were grown under light gradients and controlled envi-
ronments in the ingenious “Beaufort bathtubs” and an-
alyzed in chambers designed to facilitate light response
curve measurements of O2 exchange and fluorescence
quenching in seawater. More important perhaps, these
“sea-trials” with Ulva proved to be very valuable for
the subsequent analysis of mutants in another algal
photosynthetic model organism, Chlamydomonas rein-
hardtii. Little needs to be said here about the impact of
PAM instrumentation on research in photoinhibition:
it is adequately documented in the Chapters that fol-
low. Devices for pulse modulated analysis of room tem-
perature fluorescence (the PAM fluorometer; Schreiber
et al., 1986), changed the way we now go about re-
search in photoinhibition, in the laboratory and in the
field.

Fred Chow further adapted David’s leaf disc O2 elec-
trode to estimate the single turnover flash-yield of PS II
in vivo (Chow et al., 1991) and began a long series of
experiments that have yielded remarkable insights into
the population biology of PS II centers in vivo. Among
other things, Fred’s work has shown that PS II reaction
centers have a finite functional life in vivo with indi-
vidual centers being photoinactivated after absorption
of 106–107 photons. Even in weak light, about 106 PS
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II centers turn over per mm2 leaf area per second, from
which Anderson et al. (1997) deduced that each PS II
center turns over at least once a day. Fred’s recent anal-
yses of population dynamics of inactive PS II centers
(Chow et al., 2002) lends credence to the proposal of
Krause (1988) that such centers serve to protect their
neighbors.

Functional analysis of flash-yield in vivo has
deepened our understanding of interactions between
photoinactivation and photoprotection. For example,
Youn-Il Park measured the decline in O2 flash yield
while he “titrated” excitation pressure in vivo against
cumulative irradiance (exposure for constant times at
different irradiance, or for increasing times at constant
irradiance) by changing the gas composition during
exposure, thereby altering “sinks” for photosynthetic
electron transport in carbon metabolism and/or pho-
toreduction of O2 (Park et al., 1996). Compared with
the slow initial rates of photoinactivation of PS II cen-
ters in 1.1% CO2 and 21% O2 (saturated CO2 fixation
and O2 photoreduction), photoinactivation was accel-
erated by removal of O2 photoreduction in 1.1% CO2

alone, was still faster in 60% O2 alone (with O2 pho-
toreduction and photorespiration as the only source
of CO2), was further accelerated in 2% O2 (with the
Mehler reaction as the principal remaining sink), and
most rapid of all in N2 alone (in the absence of ac-
ceptors for photosynthetic electron transport). These
data fit well the earlier ideas of Ulrich Heber and Kozi
Asada (reviewed in Asada, 1999) highlighting direct
electron flow to O2 in the Mehler reaction as an addi-
tional mechanism for dissipation of excess excitation
when carbon assimilation is restricted.

The “safe house” concept took on added reality
when, during the declining years of the Soviet Union,
the “laboratory family” of Agu Laisk in Estonia went
to extraordinary lengths to accommodate visiting sci-
entists and introduce them to the rapid kinetic analysis
of photosynthesis in vivo. Experimental and theoreti-
cal evaluation of oscillations during shade-sun accli-
mation in sunflower in Tartu showed that, although the
flux control coefficient of Rubisco dominated the rate
of sun acclimated leaf photosynthesis, changes in the
light absorbing and electron transport components of
the photosynthetic apparatus drove the shift in light de-
pendence of regulatory responses (Osmond et al., 1988;
Woodrow and Mott, 1988). The potential for molec-
ular biophysical and biochemical evaluation of leaf
photosynthesis in vivo using kinetic gas exchange and
optical methods with what is now known as the FAST-
EST system, seems almost limitless (Laisk and Oja,
1998).

VI. Enlightening the Mechanisms of
Photoinhibition in Chlamydomonas
reinhardtii

Although thallii of the unicellular colonial alga Ulva
rotundata were convenient vehicles for sorting the
Yin-Yang of photoprotection and photoinactivation in
the Duke University Marine Laboratory, cultures of
Chlamydomonas reinhardtii presented a more robust,
more acceptable model for further genetic and molecu-
lar analysis of these processes in the Boynton-Gillham
laboratory on main campus. How the wildtype of this
green alga, isolated from soil in the shade of an oak
tree, rose to be a major player in photoinhibition re-
search is a tale best told by Elizabeth Harris. However,
for over a decade, we collected many and integrated
some pieces of the puzzle of photoinhibition and pho-
toacclimation in the course of phenotypic evaluation
of Chlamydomonas mutants (grown photoautotrophi-
cally, it needs to be emphasized; Heifetz et al., 2000).
Many physiological responses to excitation pressure,
such as cell growth, O2 evolution and fluorescence pa-
rameters, D1 synthesis and turnover, and pigment com-
positions, were analyzed routinely.

Still intrigued by photoinactivation, Peter Heifetz
and others initially constructed “loss of function” mu-
tants affecting different steps in the D1 repair cycle. For
example, we learned from mutants inhibited in chloro-
plast protein synthesis that coarse regulation of D1
protein replacement was more significant for avoiding
photoinhibition than fine regulation of D1 function, ev-
ident from herbicide resistant mutants with decreased
rates of PS II electron transfer (Heifetz et al., 1997).
Another herbicide resistant mutant (A251L , Lardans et
al., 1998) was characterized in detail, and later used
for selection of unique “gain of function” mutants that
are resistant to very high light (VHL). Peter discov-
ered the first very high light resistant (VHLR) mutants
when they appeared as surviving cells among wild type
cells that were dying in very high light (VHL=1,500–
2,000 μmol photons m−2 s−1). Subsequently, many
VHLR mutants were isolated from wildtype and from
the A251L herbicide-resistant mutant with function-
ally impaired D1 protein, and four of these have been
analysed in detail (Förster et al., 1999). The different,
single-gene VHLR mutants show sustained high growth
rates at full sun light intensity that kills the parents.
Many unexpected insights into photoacclimation have
been gained from these mutants, which are still being
explored with regard to the physiological and genetic
basis of tolerance to high light stress. For example, sim-
ple relationships between xanthophyll interconversion
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and NPQ photoprotection are called into question be-
cause mutants achieve maximum growth in VHL ir-
respective of whether the high DES is or is not ex-
pressed as NPQ (Förster et al., 2001). Evidently the 5
x slower PS II electron transfer in mutants from her-
bicide resistant parents was sufficient to attain high
DES (requiring some lumen acidification), but inad-
equate to sustain the �pH necessary for NPQ genera-
tion. This perhaps indicates that the role of zeaxanthin
as a quencher of reactive oxygen may be more impor-
tant than its role in excitation dissipation (Niyogi, 1999;
Baroli et al., 2003). Confirming earlier interpretations,
we found that the mutants survived with high growth
rates at VHL in spite of low PS II efficiency (ratio
of variable to maximum fluorescence in dark equili-
brated samples Fv/Fm = 0.28 − 0.36) and slow PS II
electron transfer, either because of engagement of pho-
toprotection, and/or in spite of photoinactivation. The
basis of the VHLR phenotype is evidently a combina-
tion of traits, including increased zeaxanthin accumu-
lation, maintenance of fast synthesis and degradation
rates of the D1 protein, and sustained balanced elec-
tron flow into and out of PSI under VHL. It appears to
be dominated by enhanced capacity to tolerate reactive
oxygen species generated by excess light, methylvi-
ologen, rose bengal or additional hydrogen peroxide,
and lower levels of ROS in some VHLR mutants after
exposure to very high light (Förster et al., 2005). The
VHLR mutations evidently arise under a selection pres-
sure that favors changes to the regulatory system(s) that
coordinate several photoprotective processes, amongst
which photoprotection, repair of photoinactivated PSII
and enhanced detoxification of reactive oxygen species
play seminal roles.

Other surprises had simpler explanations. There was
an alarming period when we could not confirm wild-
type DES-NPQ observations from the Björkman lab-
oratory. Ironically, at Olle’s retirement symposium we
were able to report that the much lower DES and NPQ
in our cells could be ascribed to the 5% CO2 growth
conditions routinely used in the Boynton-Gillham Lab,
compared to the air grown, CO2 concentrating cells
grown in the Björkman laboratory (Förster et al., 2001).
Decreased amounts of chlorophyll per biomass in the
mutants, without changes in the functional absorption
cross section, suggested VHLR genes may be involved
in regulation of stoichiometries of antenna components
and photosystems, perhaps as invoked by Allen and
Pfannschmidt (2000). Accepting that oxygenic photo-
synthesis is the most energetic of life processes, and
one in which catalytic malfunctions potentially yield
a plethora of potentially toxic reactive oxygen species
(Asada, 1999), and we were not suprised that the VHLR

mutants also proved more resistant to reactive oxygen
species (Förster et al., 2005). The roles of zeaxanthin
and ascorbate as anti-oxidants and lipid stabilizers may
be as important as their roles in NPQ (Baroli et al.,
2003; Müller–Moulé et al., 2004) the roles of zeaxan-
thin and ascorbate as lipid stabilizers and anti-oxidants
(Niyogi, 1999; Müller-Moulé et al., 2003). Based on the
above physiological traits, we hypothesize that “regu-
latory switches” for tuning photochemistry and photo-
protective pathways have been altered in these mutants.
Once we have identified the VHLR genes, we will be
able to re-evaluate this hypothesis.

VII. Quo Vadis?

From what has been said above, it is already clear
that plants confronted with light stress have evolved
a variety of photoprotective mechanisms, in the anten-
nae and reaction centers, and although Olle Björkman
speaks of the field having matured, he still warms
to the revelation of the nuances, and rises enthusi-
astically to new insights. There is still gold to be
found in pigment-associated photoprotection, and per-
haps fields are nowhere more promising than when the
rapidly reversible violaxanthin-cycle is augmented by
the more sluggish lutein-epoxide cycle. Rediscovered
in the hemi-parasite dodder (Cuscuta; Bungard et al.,
1999), in mistletoes (Amyema; Matsubara et al., 2001),
and in schlerophyllous Quercus rubra (Garcia-Plazaola
et al., 2003), the significance of the accessory, lutein-
epoxide cycle remains conjectural. In deeply shaded
leaves of the tropical forest tree legume Inga sapin-
doides, lutein epoxide pools exceed those of violaxan-
thin 3–5 fold, and although de-epoxidation occurs on
exposure to strong light, lutein epoxidation is remark-
ably slow. Indeed, in simulated sun flecks, maximum
NPQ in I. sapindoides is initially achieved (within min-
utes) without pigment interconversion, a perspective
(Horton et al., 1996) that tends to have been overlooked
in recent treatments. In fact, it seems likely that the
one-way conversion of lutein epoxide to lutein serves
as a readily available (within hours) source of the lat-
ter α-xanthophyll as a first step in photoacclimation,
followed by the slower accumulation (over days) of
larger β-xanthophyll pools (Matsubara et al., 2005).
Where these field discoveries will lead is anyone’s
guess, but most importantly, the lutein-epoxide cycle
reopens questions as to the photoprotective roles of
lutein.

Global analysis of PS II fluorescence lifetime dis-
tribution in vivo has greatly advanced the population
analysis of quenching in pigment protein complexes
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(Gilmore 2004), with insights emerging from the phe-
notypic evaluation of mutants (Li et al., 2002), and
from changes in populations of quenching centers
during the enhanced thermal dissipation in mistle-
toe leaves in winter (Matsubara et al., 2002). It has
long been proposed that if photoprotection is inad-
equate, photoinactivated PS II reaction centers may
still quench excitation in their own right, protect-
ing their neighbours (Krause, 1988; Chow et al.,
2002) in the process of synthesis and reconstruction.
It should come as no surprise that the fluorescence
lifetime approach has now demonstrated the emer-
gence, in vivo, of distinct populations of short lifetime
components that appear sequentially after extensive
photoinactivation, at the expense of a slower compo-
nent from undamaged PS II centers (Matsubara and
Chow 2004). These authors believe “these results pro-
vide direct evidence that photoinactivated PS II centers
in vivo are able to dissipate excitation energy and avoid
further damage to themselves and protect their undam-
aged neighbors by acting as strong energy sinks”.

As we scale down to molecular size and rate con-
stants in pursuit of ever more detailed understanding,
so we can also scale up to the biosphere and ask whether
our insights stand up in the real world. Thus, it has been
very exciting, and satisfying, to see the extent to which
“remote sensing” devices can assess changes in photo-
synthetic efficiency and NPQ in canopies. A Laser In-
duced Fluorescence Transient (LIFT) apparatus, based
on the Fast Repetition Rate Fluorometer (Kolber et al.,
1998) used so effectively in our Chlamydomonas ex-
periments, now can resolve the different NPQ kinetics
of psbS mutants in Arabidopsis to 2 s at a range of 10 m
and beyond (Kolber et al., 2005). When suitably housed,
it also reports the different diel patterns of photosyn-
thetic electron transport rates in tropical forest canopy.
Fluorescence imaging methods have yet to be scaled up
to the canopy, but the photosynthetic reflectance index
(PRI, Gamon et al., 1997), a “remotely sensible” index
of DES, can be observed in canopies with an imag-
ing spectral reflectometer that clearly identifies psbS
mutants in a lawn of Arabidopsis at a range of several
meters (U. Rascher, C. Small and C. J. Nichol, unpub-
lished).

To summarize now, perhaps photoinhibition is re-
ally best comprehended in terms of the interactions of
Yin and Yang. At the molecular level it depends on the
ceaseless motion, the interplay of opposites in dark,
“forgiving” Yin of inevitable D1-protein degradation,
synthesis and replacement in PS II centers in the pho-
tosynthetic apparatus following photoinactivation, and
the no less restless, “assertive” Yang of photoprotection
in the antennae in the light, still largely mysterious as to

mechanism, and evidently augmented by photoinacti-
vated reaction centers. At the physiological and ecolog-
ical levels the dark reactions of CO2 metabolism, light
dependent electron transfer to O2, and a host of other
environmental considerations clearly co-determine the
extent of “excitation pressure” and the expression of
Yin and Yang in leaves and algae. But what really
causes the lights of fluorescence in the grana of chloro-
plasts in photoinhibited cells in shade leaves of Cissus
to be switched out after an hour in sunlight (Fig. 2
a,b)? We have a hunch now that quenching in slowly
repaired photoinactivated PS II centers might predomi-
nate over sustained photoprotection by xanthophyll an-
tenna quenching. After all, Olle Björkman’s photoin-
hibition image on a Cissus leaf persisted for 10 days
or more in weak light (Osmond et al., 1999), when
one might have expected xanthophyll de-epoxidation
to have relaxed. But who knows?
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Summary

The chloroplast-coded D1 protein of Photosystem II (PS II) is the major membrane protein synthesized within the
plastid. It is involved in light-dependent electron transport, is a major target for photosynthesis herbicides and is
universal to oxygenic phototrophs. The defining feature of D1 is its rapid turnover in spite of its being a structural
component of the PS II reaction center core. Processing of nascent D1 precursor (33.5–34 kDa) occurs on unstacked
stromal lamellae. The mature protein (32 kDa) then migrates to the grana where an initial scission occurs producing
a 23 kDa N-terminal degradation fragment. Post-translational and reversible palmitoylation and phosphorylation
accompany the protein along its life cycle. Both anabolism and catabolism of D1 are photoregulated, with synthesis
coupled to phosphorylation but degradation coupled to PS II electron transport. Dephosphorylation of D1, in turn,
is regulated by PS I excitation. Thus, the phosphorylation state of the protein is sensitive to the relative energy
distribution between the two photosystems. Beyond redox regulation of D1 phosphorylation, an internal, circadian
clock exerts overriding control. Two photosensitizers are involved in D1 degradation: chlorophyll pigments in the
visible and far-red regions of the spectrum, and plastosemiquinone in the UV-B region. D1 degradation in visible
light is a process only marginally overlapping with photoinhibition and overwhelmingly associated with fluences
limiting for photosynthesis. Mixing physiological levels of visible and UV-B radiances leads to synergistic effects
such that above a critical threshold of UV-B, the D1 as well as its sister protein, D2, both are targeted for accelerated
degradation. These and other D1 protein studies, mainly carried out with intact Spirodela plants during the past
25 years in the authors’ laboratories, are presented in a historical perspective.
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I. The Really Early Days

The D1 protein had its research debut in the mid 1970s.
Several groups studying protein synthesis in isolated
chloroplasts reported a membrane-associated polypep-
tide with an apparent molecular mass of 32 kDa on
polyacrylamide gels. Eagelsham & Ellis (1974), work-
ing with pea chloroplasts at the University of Warwick,
termed this protein “Peak D”. Soon afterwards, it was
found that chloroplast RNA could stimulate translation
of an approximately 32 kDa protein in a heterologous
in vitro system (Wheeler and Hartley, 1975). While
this was unfolding in England, Arie Rosner, working in
Jonathan Gressel’s laboratory at the Weizmann Institute
of Science in Israel, together with Daphna Sagher
working in ours, reported a 0.5×106 Da chloroplast
RNA fraction forming the bulk of the discrete pulse-
labeled RNA molecules produced in vivo after trans-
fer of steady-state dark grown Spirodela plants to
light (Rosner et al., 1975). Actually, the biological
system worked on in the Edelman laboratory at that
time was Euglena, brought over from Jerome Schiff’s
Laboratory at Brandeis University. We mention this be-
cause shortly thereafter, Edelman left for a Sabbatical
year in the United States. No sooner did he depart,
than Avi Reisfeld, the other student in his group, im-
pressed by the results obtained with Spirodela, quickly
switched to the latter system and tied the 0.5×106 Da
mRNA to the precursor of the 32 kDa protein in time
to submit a paper to the first international plant molec-
ular biology meeting, organized by Laurence Bogorad
and Jacques Weil, in Strasburg, France in the Summer
of 1976. To this day we are grateful to Reisfeld for his
Israeli ‘hutzpa’ of switching systems when the boss was
away. Euglena and Spirodela share a rare trait for pho-
tosynthetic organisms; both can grow indefinitely in
the dark when supplied with an organic carbon source,
thus enabling the study of chloroplast development
from a state of true heterotrophy. Although Euglena
is a zooflagellate of uncertain pedigree, Spirodela is
a true blooded, if eccentric, monocot. In a series of
articles, Reisfeld and others in the Edelman labora-
tory showed that the 32k Da polypeptide in Spirodela
is the major membrane protein synthesized within the
chloroplast (Edelman and Reisfeld, 1978), is derived
from a rapidly synthesized 33.5 kDa precursor polypep-
tide (co-discovered in maize [Grebanier et al., 1978)]),
and lacks lysine residues (Edelman and Reisfeld, 1980;
Reisfeld et al., 1982). Soon afterwards, it was shown to
occur universally and to be structurally similar in var-
ious photosynthetic organisms (Hoffman-Falk et al.,
1982).

In one of the quirks of the field, the absence of ly-
sine from the 32 kDa protein in Spirodela played an
important role in the early days. In the summer meet-
ings of 1982, Paul Whitfeld’s group reported the very
first sequence of the psbA gene (coding for the 32 kDa
protein) in spinach and in tobacco, the model system
of the time (Zurawski et al., 1982). When, at the end
of their talk, they stated that the gene lacked codons
for lysine, Charles Arntzen, who was chairing the ses-
sion, jumped up and said “Edelman, you were right, no
lysine.” For several years following, the lack of lysine
remained the criterion by which a chloroplast mem-
brane protein was, or was not, deemed to be the 32 kDa
protein. Indeed, the 32 kDa protein in most species in-
vestigated lacks lysine. However, in maize and some of
the grains, lysine replaces arginine at codon 238.

II. Gernot Renger’s Shield

Autar Mattoo arrived at the Weizmann Institute as a
DAAD Scholar in 1979 to study chloroplast molecu-
lar biology, then an emerging discipline within plant
molecular biology (Edelman et al., 1982 Preface).
In the summer of 1980, Mattoo and a M.Sc. stu-
dent, Hedda Hoffman-Falk, had succeeded in obtain-
ing SDS-PAGE and electron transport results tying
the 32 kDa protein to photosystem II (PS II) elec-
tron transport and herbicide sensitivity (Mattoo et al.,
1981). Edelman was on annual army reserve duty
when he received a field call from Mattoo. The mes-
sage was terse: “The 32 kDa protein is the ‘proteina-
ceous shield’ of Renger!” The use of mild trypsin di-
gestion to probe the structure-function relationship of
surface exposed thylakoid membrane proteins (Regitz
and Ohad, 1975) led Gernot Renger in 1976 to in-
fer the existence of a “proteinaceous shield” cover-
ing the primary electron acceptor of PS II and act-
ing as a regulator of electron flow between PS II and
PS I (Renger, 1976). Mattoo found that mild trypsin
treatment of Spirodela thylakoid membranes led to
partial digestion of the 32 kDa protein. Under these
conditions, photoreduction of ferricyanide becomes
insensitive to diuron (DCMU, 3-(3,4-dichlorophenyl)-
1,1-dimethylurea), the well-known inhibitor of PS II
electron transport. When the thylakoids were preincu-
bated with diuron, however, expression of insensitivity
was prevented. The clincher came with the SDS-PAGE
results, which brought on the phone call. Preincuba-
tion with diuron caused some conformational change
in the 32 kDa protein that modified its trypsin di-
gestibility and produced a different banding pattern
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Fig. 1. SDS-PAGE fractionation of 35S methionine-labeled thy-
lakoid proteins after trypsinization in the presence of diuron.
The major labeled proteins in the non-digested control lane
(0 time) are the D1 (32 kDa) and LH2 (26 kDa) proteins. In the
presence of trypsin, for the times indicated, both proteins are
attacked and various trypsinized (T) fragments are produced.
Note the different digestion pattern for D1 when incubation is in
the presence of diuron, an inhibitor of PS II electron transport.
Diuron induces a conformational change in D1 retarding its
trypsin digestibility, fulfilling a requirement of Rengers “pro-
teinaceous shield”. (Adapted from Mattoo et al., 1981; with
designations updated as in Marder et al., 1984)

upon gel electrophoresis (Fig. 1). Significantly, light
affected the susceptibility of the 32 kDa protein to
digestion by trypsin. Moreover, together with Uri Pick,
we showed that in thylakoids selectively depleted of
the 32 kDa protein [a system developed in Spirodela
by Steve Weinbaum (Weinbaum et al., 1979)] electron
transport was deficient on the reducing side of PS II,
but not the oxidizing side or in PS I activities (Mattoo
et al., 1981). Taken together, these were the very char-
acteristics postulated by Renger for his “proteinaceous
shield”!

We wrote up the results and ran a draft through
Mordhay Avron, whose laboratory was two floors above
ours in the Life Sciences Building at the Weizmann In-
stitute. The discussions with Avron, whose knowledge

of photosynthetic electron transport was encyclopedic,
and his critical reading of the manuscript, were im-
mensely helpful. Edelman knew Martin Gibbs, a mem-
ber of the National Academy of Sciences, USA, from
his graduate studies at Brandeis University. We sent the
manuscript to Gibbs and asked him to communicate it
for us to PNAS. Over the years, Martin Gibbs commu-
nicated four of our manuscripts to PNAS on 32 kDa
protein turnover. We were both at the Beltsville Agri-
cultural Research Center when the third manuscript was
ready for submission. Edelman stopped in at Brandeis
University to deliver a seminar on the 32 kDa work and
to ask Gibbs if he would mind communicating a third
manuscript for us! In his wry sense of humor, Gibbs’
comment was something like “It’s your name that goes
on the article not mine. So if you write something fool-
ish it’s you who will suffer not me. All I’m doing is
acting as a conduit to pass your page charges on to
PNAS so us National Academy members can continue
getting the journal for free.”

The 1981 PNAS article made quite a splash.
Klaus Pfister, Katherine Steinback, Gary Gardner,
and Charles Arntzen had just published a paper in
the same journal describing the photoaffinity label-
ing of an herbicide receptor protein in chloroplast
membranes (Pfister et al., 1981). Atrazine (2-chloro-4-
ethylamino-6-isopropylamino-s-triazine) inhibits pho-
tosynthetic electron transport virtually at the same
site affected by diuron (Sobolev and Edelman, 1995).
A radiolabeled atrazine analog was used to identify
the herbicide receptor protein from thylakoid mem-
branes isolated from a triazine-susceptible and triazine-
resistant biotype of the weed Amaranthus. Analysis of
the thylakoid polypeptides demonstrated specific asso-
ciation of the herbicide with the 32 kDa protein in the
sensitive but not resistant biotype. The studies from
Amaranthus and Spirodela were a one-two punch that
put the 32 kDa protein at center stage. A rapidly me-
tabolized chloroplast membrane protein involved in
light-dependent electron transport and acting as a tar-
get for photosynthesis herbicides was bound to be a
spotlight grabber.

When Autar Mattoo left the laboratory in November
1980 to take a position at the USDA’s Beltsville
Agricultural Research Center (BARC) in Maryland, it
was clear to us that we would continue collaborating
closely. Indeed, since then, our respective laboratories
have acted as two parts of a single unit to pursue PS II
protein turnover studies. Easy communication was not
a trivial matter in the ’80’s. Faxes, “Bitnet”, Sabbaticals,
summer visits, and the long-term support of BARD
(US-Israel Binational Agricultural Research and
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Development fund) kept the collaboration viable and
robust.

III. D1 Metabolism is Photoregulated

The 32 kDa protein was featured in News & Views
in Nature in 1984 (Bennett, 1984). Again, it was our
group and Arntzen’s that caused a stir with another
set of papers in PNAS. From measurements of elec-
tron transport capacity in isolated chloroplast mem-
branes of Chlamydomonas, David Kyle, Itzhak Ohad,
and Charles Arntzen suggested that quinone anions,
which may interact with molecular oxygen to produce
an oxygen radical, selectively damage the apoprotein of
the secondary acceptor of PS II (i.e., the 32 kDa pro-
tein), thus rendering it inactive and thereby blocking

photosynthetic electron flow under conditions of high
(photoinhibitory) photon flux densities (Kyle et al.,
1984). Working with Spirodela, we showed that the
rates of both synthesis and degradation of the 32 kDa
protein are controlled by light intensity in vivo. Light-
driven synthesis, but not degradation, was dependent
on ATP. Furthermore, degradation was blocked by her-
bicides inhibiting PS II electron transport, such as di-
uron and atrazine (Fig. 2). Thus, both anabolism and
catabolism of the 32 kDa protein were shown to be
photoregulated, with degradation coupled to electron
transport rather than phosphorylation (Fig. 3).

In Mattoo et al. (1984), the state of the art was
summarized as follows: “Results of fluorescence ex-
periments, carried out with intact Spirodela plants can
be interpreted as showing that partial depletion of the
32 kDa protein from the photosynthetic membranes

Fig. 2. Degradation of the D1 (32 kDa) protein in the presence of an inhibitor of ATP formation (FCCP) or PS II electron transport
(Diuron). Spirodela plants were pulse labeled with 35S methionine for 4 h and chased as indicated. Uncoupling of phosphorylation
from electron transport does not effect D1 degradation while inhibition of oxygen evolution does. (From Mattoo et al., 1984a)
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Fig. 3. Regulation of D1 (32 kDa) protein metabolism by light. All events occur on the thylakoid membranes. Synthesis is driven
by ATP, which is derived from photophosphorylation. Inhibition occurs either upon uncoupling of phosphorylation (with FCCP)
or interference with chloroplast ribosomal function (CAP [D-threo-chloramphenicol], Weinbaum et al., 1979). A conformational
change (Transformation) occurs during light driven electron transport through the photosystems (Mattoo et al., 1981). The confor-
mational rearrangements may involve redox events or substrate binding (Satoh et al., 1983). As a consequence of these molecular
rearrangements, the transformed protein (32*) is prone to degradation. Herbicides such as diuron and atrazine inhibit both electron
flow through PSII (Trebst, 1979; Pfister et al., 1979; Mattoo et al., 1981) and the susceptibility of D1 to degradation. Degradation
of D1 is catalyzed by a membrane-bound protease. Metabolic balance for D1 is normally maintained over a wide range of light
intensities. In the dark, both synthesis and degradation are minimal. (From Mattoo et al., 1984a)

directly affects the photochemistry at the reducing side
of PS II. This would support theories regarding this
protein as a functional component of the secondary
acceptor of PS II. On the other hand, maintenance of
the low, steady-state level of the 32 kDa protein in the
light, in spite of its massive synthesis, represents a pro-
gramming of gene expression designed for regulation.
Expression of such regulatory genes is characterized by
high energy costs, which purchase an ability to respond
quickly, dramatically, and temporarily to perturbations
in the steady state. Such features are characteristic of
the 32 kDa protein. Thus, further experimentation will
be required to decipher the exact role of this protein in
photosynthetic electron transport.”

The role was deciphered soon enough. In pioneering
work, the molecular structure of the photosynthetic re-
action center from Rhodopseudomonas viridis, a purple
bacterium, was resolved to a resolution of 3 Å, earn-
ing Hartmut Michel, Johann Deisenhofer, and Robert
Huber a Nobel Prize in Chemistry. The resolved struc-
ture showed a central part consisting of two subunits,
L and M, each spanning the membrane five times
and sharing a special pair of chlorophyll molecules
(Deisenhofer et al., 1985). At the end of their paper,
the authors noted that sequence homologies exist be-
tween L and M and the D1 and D2 proteins of PS
II. Particularly, the histidines that ligand the special
pair chlorophylls and the non-heme iron are conserved.
Deisenhofer et al. (1985) went on to propose that the D1
and D2 proteins form the core of the PS II reaction cen-
ter. And this generated a name change! Back in 1977,
Nam-Hai Chua and Nicholas Gillham had published
a numbering scheme for the functionally unidentified
chloroplast membrane proteins of Chlamydomonas

rheinhardtii (Chua and Gillham, 1977). When they
came to two radiolabeled proteins producing fuzzy
bands on SDS-PAGE, they named them D1 and D2
(D for “diffuse”). With the realization that the 32 kDa
protein and the D2 protein shared significant sequence
identity (Rochaix et al., 1984), and that they were, in
fact, sister components of the PS II reaction center core
[the proposal of Deisenhofer et al. (1985) was proved
correct by Nanba & Satoh (1987)], “D1” slowly re-
placed the more cumbersome “32 kDa” designation.

Resolution of the photosynthetic reaction center
also advanced the understanding of D1 turnover in an
indirect way. Reports of rapid turnover of the L subunit
were not forthcoming. At the same time, it was noticed
that the decoded sequence of the psbA gene (i.e., the
D1 protein) putatively possessed two significantly
enlarged loop regions vis a vis the L subunit of the pho-
tosynthetic reaction center (Mattoo et al., 1989). Could
these two bits of information be related? The structure
of the psbA gene product was by this point under in-
tensive investigation. Hirschberg and McIntosh (1983)
at the DOE Laboratory at Michigan State University,
East Lansing had shown that atrazine resistance in
a field biotype of Amaranthus was astonishingly the
result of a single nucleotide change in the psbA gene,
resulting in a serine to glycine change in codon 264
of the D1 sequence! In Rehovot, Jonathan Marder,
in a tour de force, radiolabeled Spirodela separately
with each of 14 high specific activity 3H-amino acids
and followed partial enzymatic degradation of the
D1 protein. Together with Pierre Goloubinoff, he
established a cleavage map for trypsin and additional
proteolytic enzymes, pinpointing the locations of
the cuts via the decoded sequence of tobacco D1,
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previously established by Zurawski et al. (1982). This
unequivocally showed that the 33.5 kDa precursor of
the D1 protein underwent processing at its carboxy
terminus and established the amino–carboxy polarity
of the molecule (Marder et al., 1984).

IV. The PEST Sequence

In 1985, Bruce Greenberg joined Edelman’s labora-
tory as an NIH postdoctoral fellow. He tackled the
issue of the initial scission of the D1 protein in the
degradation pathway using the Spirodela system to
search for the breakdown products in vivo. Building
on the proteolytic techniques developed by Marder,
Greenberg demonstrated that an in vivo precursor–
product relationship existed between the D1 protein
and a 23.5 kDa degradation product through kinetic
pulse-chase experiments. This primary cleavage site
was mapped to the large hydrophilic loop between he-
lices D and E of the D1 protein (Fig 4). We had a clean
result, but the significance of the scission region was
not apparent to us, so we held back. Everything fell
in place a few months later with the publication by
Martin Rechsteiner’s laboratory that alpha-helix desta-
bilizing oligopeptide regions abundant in proline, glu-
tamate, serine, and threonine, and bordered by pos-
itively charged residues (i.e., “PEST” regions), were
primary determinants for rapid degradation of proteins
(Rogers et al., 1986). Greenberg moved quickly, phon-
ing Rechsteiner for the computer program to locate
PEST sequences. When he analyzed all the known
proteins of the fully sequenced tobacco chloroplast
genome (Shinozaki et al., 1986) and found a positive
score only for a single region, which further turned out
to be in the large loop between helices D and E of the
D1 protein, we knew we were ready to publish.

Greenberg’s paper (Greenberg et al., 1987) provoked
experiments by several groups who deleted the PEST
region from one of the psbA copies in the cyanobac-
terium Synechocystis 6803 with little effect on the
degradation rate of the D1 protein under the conditions
used (Nixon et al., 1995; Mulo et al., 1997). However,
it is worth emphasizing that PEST-like regions are fa-
cilitators in initiating protein breakdown (Rogers et al.,
1986), not pathway switches. From their deletion ex-
periments, Mulo et al. (1997) narrowed attention to
the sequence NIV247−249 as a possible determinant for
rapid proteolysis. This sequence is at the carboxy end
of the region proposed by Greenberg et al. (1987) as
producing the 23.5 kDa fragment, and down stream
of the PEST-like region. In addition, N247 was already
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Fig. 4. Molecular environment of the primary cleavage site
in D1 yielding the 23.5 kDa polypeptide. The D1 protein is
shown spanning the membrane 5 times in analogy to the data
of Deisenhofer et al. (1985), and as modeled by Trebst (1986)
and Barber and Marder (1986). The D-de loop and de helix
between transmembrane helicies D and E is presented in the
enlargement. The proposed degradation site is shown as a saw-
toothed region. The site is adjacent to the carboxy end of the
PEST-like region (shown as circled amino acid residues). The
photoaffinity binding domain of azidoatrazine (residue 214 to
225; Wolber et al., 1986) borders the amino acid end of the
PEST-like region. The known sites of genetic mutation linked to
herbicide tolerance at the time (Hirschberg and McIntosh, 1983;
Erickson et al., 1985; Johanningmeier et al., 1987) are indicated
as black circles. Also shown are histidine residues 215 and 272
that bind iron and quinone acceptor in the analogous L protein
of the Rhodopseudomonas viridis reaction center (Deisenhofer
et al., 1985). (Adapted from Greenberg et al., 1987)

implicated as being involved in QB binding (Kless et
al., 1994). Thus, the region of the D1 protein bounded
by helices D and E, and dubbed by Achim Trebst “the 86
residues of life” (personal communication), contained
not only the special pair chlorophylls and quinone and
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herbicide binding sites, but also a site, specific to oxy-
genic photosynthetic organisms, heralding rapid break-
down of the protein.

V. The Life History of D1

The field was now ripe for linking D1 protein molecu-
lar architecture with the kinetics of its rapid turnover.
While reading a paper by Sefton et al. (1982) on acy-
lation of viral transforming proteins during a visiting
scientist stint at NIH, Mattoo hatched the idea that D1
may be acylated and thus might move within the mem-
brane. Feeding 3H-palmitic acid to Spirodela, he and his
technician Cathy Conlon confirmed post-translational
pamitoylation of D1. Around the same time, a paper ap-
peared showing that some proteins were redistributed
between stromal and granal membranes in a high fluo-
rescing mutant of maize versus wild type (Leto et al.,
1985). Mattoo drew a connection between these two
findings and used the method developed for maize
to separate stromal and granal membranes. Edelman’s
Sabbatical came about then and the team was together
again for an extended period, this time at Beltsville.
We quickly showed that membrane attachment of the
D1 precursor and processing to the mature D1 form
occurred in the unstacked stromal lamellae. Once pro-
cessed, the D1 protein migrated rapidly, within the thy-

lakoids, to the topologically distinct granal lamellae
where it remained and where the initial scission to a
23.5 kDa fragment occurred (Mattoo and Edelman,
1987). The metabolic life history of the D1 protein
was presented in detail (Fig 5). Posttranslational palmi-
toylation of the processed D1 protein in a membrane-
protected domain on the granal lamellae was also
documented, the first posttranslational acylation event
shown for a plant protein (Mattoo and Edelman,
1987).

During this study, Frank Callahan joined the Mattoo
laboratory as a postdoctoral fellow. Callahan had an
ability to coax an extra mile out of a polyacrylamide
gel. He used this talent to show that the D1 pro-
tein in Spirodela is distributed between stromal and
granal lamellae in the steady state as well (Callahan
et al., 1989). Later, Maria Luisa Ghirardi took charge
in Mattoo’s laboratory and teamed up with Sudha
Mahajan and Sudhir Sopory to reveal intramembranal
cycling of the D1/D2 heterodimer (Ghirardi et al.,
1990), nailing this concept with the isolation and char-
acterization of a discrete PS II reaction center parti-
cle from stromal lamellae (Ghirardi et al., 1993). The
metabolic and physical dynamics of D1 within the pho-
tosynthetic membrane, and the structural/functional re-
gions of the protein that are likely to be involved in
initiation of rapid degradation, were reviewed by us in
The Cell (Mattoo et al., 1989).

Fig. 5. Membrane-associated events in the life of the D1 protein. All time values are estimated half-times in Spirodela grown at
30 μmol photons·m–2·s–1 PAR. Light-dependent synthesis (Mattoo et al., 1984a; Fromm et al., 1985) of nascent 33.5 kDa precursor
takes place on 70S thylakoid-bound ribosomes (Ellis, 1977; Minami and Watanabe, 1984; Herrin and Michaelis, 1985), most likely on
unstacked stromal lamellae (Yamamoto et al., 1981). Upon completion of translation, the 33.5 kDa precursor is associated exclusively
with the stromal lamellae. There, carboxy-terminal processing (Marder et al., 1984) occurs with a half-time of 3–6 min (Reisfeld
et al., 1982). After processing, the 32 kDa form is translocated to the stacked granal lamellae with a half-time of 6–12 min. At this
location, D1 is functionally active and gains the ability to bind herbicides (Wettern, 1986). The 32 kDa D1 protein remains in the
granal lamellae with a half-time of 6–12 h. Light-dependent degradation of the protein occurs there with production of a 23.5 kDa
membrane bound catabolic intermediate (Greenberg et al., 1987). At some point between translocation and formation of the catabolic
intermediate, reversible, light-induced palmitoylation of the protein occurs. (From Mattoo and Edelman, 1987)
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VI. The UV-B Story

There was one more D1 protein facet uncovered dur-
ing the 1980s by our groups, the most amazing of them
all—the UV story. Victor Gaba, on a Royal Society
postdoctoral fellowship, arrived at the Weizmann In-
stitute in the mid 1980s with a background in photobi-
ology. Gaba teemed up with Greenberg to uncover the
photosensitizers that mediate D1 protein degradation.
Early on, we had realized that D1 protein degradation
is radiance driven, the protein being stable in the dark
(Mattoo et al., 1984a). However, little was known of
how the cleavage site became activated by light. In an
initial study, Gaba concluded that phytochrome was
not a photoreceptor for D1 degradation in the visible
or far-red regions of the spectrum (Gaba et al., 1987).
On the other hand, we and others were speculating that
the action of a semiquinone anion radical, normally
formed in the QB pocket during photosynthesis, might
play a role in promoting degradation of the protein. We
noted that quinone, semiquinone, and quinol all have
characteristic UV spectra. Also, from classical studies
(Jones and Kok, 1966) it was known that UV irradia-
tion could inhibit PS II electron flow. We thus decided

to give UV a try. Greenberg and Gaba (Greenberg et al.,
1989) quantified the rate of D1 protein degradation over
a broad spectral range from 250 to 730 nm (Fig 6).
Unexpectedly, the quantum yield for degradation
proved highest in the UV-B (280-320 nm) region! Sev-
eral lines of evidence clearly demonstrated two distinct
photosensitizers for D1 protein degradation: the bulk
photosynthetic pigments (primarily chlorophyll) in the
visible and far-red regions, and plastosemiquinone in
the UV. A final, important point made by Greenberg
was that a significant portion (>30%) of D1 protein
degradation in sunlight could be attributed to UV-B
irradiance.

UV-B driven degradation of the D1 protein took an
additional turn with the arrival of Marcel Jansen at
Rehovot. Jansen, with a background in PS II inhibitors
from his MSc degree with Jack van Rensen in Wagenin-
gen, compared the mechanisms of UV-B driven and
visible-light driven degradation of D1. He showed that
all inhibitors of electron flow that replace bound QB
from its niche on D1 inhibit UV-B-driven D1 degrada-
tion, but only some inhibit visible-light-driven degra-
dation. Thus, UV-B-driven D1 protein degradation, but
not that driven by visible light, requires plastoquinone
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Fig. 6. Enhanced degradation of D1 protein in the UV in antennae-chlorophyll-deficient plants (white histogram bars). Degrada-
tion rates in control plants are indicated by black squares within the histogram bars. The INSET shows the difference spectrum
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in the QB niche to proceed. By using a series of nitro-
phenol inhibitors varying in side chain bulkiness, and
analyzing effects on D1 mutants of Chlamydomonas,
Jansen showed that D1 degradation in visible light
occurs as long as specific regions at the end of helix
D and in the D-de loop of the protein are not engaged.
These regions were proposed to regulate rapid degra-
dation of the D1 protein through substrate-(i.e., QB)-
mediated stabilization (Jansen at al., 1993). Achim
Trebst was intimately involved in this study. It took
place partly during the 1993 Iraq war. Jansen caught
the last plane out of Israel before the Iraqi scuds started
falling on Tel-Aviv and Riyad (what a combination!).
The day before, Edelman had phoned Trebst, at Ruhr
University of Bochum, who agreed on the spot to accept
Jansen for as long as necessary in his laboratory. Two
months later, when the Mid East returned to its normal
simmering self, Jansen was back at his Rehovot bench
with the Chlamydomonas mutant part of the study that
was carried out in Bochum.

VII. The D1/D2 Heterodimer Takes
Center Stage

Next came two seminal findings by Jansen: UV-B drives
not only D1 but also D2 protein degradation (Jansen
et al., 1996a); moreover, mixing visible and UV-B
radiances leads to synergistic effects (Jansen et al.,
1996b). The physiological implications were consid-
erable. The PS II reaction center has at its core a het-
erodimer made up of two proteins, D1 and D2 (Trebst,
1986; Nanba and Satoh, 1987; Marder et al., 1987).
While D1 rapidly degrades under PAR (photosyntheti-
cally active radiation), the D2 protein is relatively sta-
ble. What Jansen showed is that when Spirodela plants
are exposed to UV-B radiation, D2 degradation ac-
celerates markedly and half-life times approach those
of the D1 protein (Jansen et al., 1996a). Moreover,
in the presence of an environmentally relevant back-
ground of PAR, low fluxes of UV-B (but not UV-A)
radiation synergistically stimulated degradation of the
D2 protein within functional reaction centers (Jansen
et al., 1996b). Thus, above a critical threshold, UV-B
specifically targets the D1/D2 heterodimer for acceler-
ated degradation (Fig.7). The acceleration effect (as op-
posed to the effects of PAR or UV-B alone) was tightly
coupled to the redox status of PS II (Babu et al., 1999).

It is not known if D1/D2 heterodimer degradation
is significant in the field under current UV-B levels.
Sunlight contains approximately 7.5 μmol photons
m−2 s−1 of UV-B irradiation at a photon flux den-
sity of 1000 μmol m−2 s−1 of PAR. However, it is

difficult to extrapolate from the UV-B threshold value
for heterodimer degradation obtained with laboratory-
grown plants (<1.0 μmol photons m−2 s−1; Fig. 7)
to conditions outdoors. In nature, selective absorption
by UV-absorbing pigments in the epidermis and cu-
ticle can severely (90–99%) diminish transmission of
UV-B irradiance to the chloroplasts in the mesophyll.
Moreover, some plants respond to increased UV-B ir-
radiance by elevating their UV-B screening capacity
(Teramura and Sullivan, 1994), thereby protecting PS
II activity and stabilizing the D1 protein (Wilson and
Greenberg, 1993). These factors, along with screen-
ing from antenna chlorophylls (Greenberg et al., 1989),
may normally lower UV-B irradiance reaching PS II re-
action centers to below the threshold for accelerated
D1/D2 heterodimer degradation. However, as UV-B
increases in the environment, this threshold may be
more frequently breached, especially in UV-B sensitive
species. Indeed, we showed that under PAR, two culti-
vars of soybeans, one UV-B sensitive (cv. CNS) and the
other (cv. Williams) UV-B tolerant, have similar kinet-
ics of degradation both for D1 and D2. However, when
UV-B is mixed with PAR, degradation of the D1/D2
heterodimer was significantly enhanced in cv. CNS
compared to cv. Williams (Booij et al., 1995). Later,
Isabelle Booij-James used the power of Arabidop-
sis mutants to reveal the involvement of secondary,
phenolic metabolites as protectants of the UV-B
radiation-mediated D1 degradation (Booij-James et al.,
2000). These studies showed that the contributions of
sinapate esters and flavonoids to the total screening ca-
pacity of the leaf varied with the genetic background.

In an attempt to capture the big picture, Marcel
Jansen set out to determine the quantitative relation-
ship between rates of D1 and D2 degradation and pho-
ton fluences in Spirodela plants over the entire light
intensity range from darkness to full sunlight (∼1600
μmol photons m−2 s−1). This was a Herculean task,
involving over 800 points collected from pulse chase
experiments. He found that kinetics for D2 catabolism
essentially mirror those for D1, except that the actual
half-life times of the D2 protein are about 3 times
longer than those of D1 (Jansen et al., 1999). Thus, the
catabolic ratio, D2/D1, is fluence independent, support-
ing the proposal (Jansen et al., 1996a) that catabolism of
the two proteins is coupled. Analyzing D1 degradation
in detail, he showed that it increases with photon flux
in a distinctly multiphasic manner. Four phases were
uncovered over the fluence range from 0 to 1600 μmol
photons m−2 s−1. The physiological processes associ-
ated with each phase remain to be determined. How-
ever, we note that a fluence as low as 5 μmol pho-
tons m−2 s−1 elicited a reaction constituting >25% of
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Fig. 7. Synergistic rates of D2 and D1 protein degradation in physiological mixtures of PAR and UV-B irradiation. Spirodela plants
labeled with 35S methionine were chased under radiances of PAR, UV-B, or a mixture of both. Protein degradation was determined
from SDS-PAGE fluorograms. Bars represent averaged data from several experiments. (From Jansen et al., 1996b)

the total degradation rate response, while >90% of the
rate potential was attained at intensities below satura-
tion for photosynthesis (∼750 μmol photons m−2 s−1).
In Spirodela, oxygen evolution is significantly impeded
after exposure to photon fluences >600 μmol m−2 s−1.
At these photoinhibitory fluences, however, less than
25% of the D1 catabolic potential remains unaccounted
for (Fig. 8). Thus, in intact plants, D1 degradation is
a process only marginally overlapping with photoin-
hibition and overwhelmingly associated with fluences
limiting for photosynthesis. This point has since been
corroborated in Chlamydomonas (Keren et al., 1997).

VIII. Phosphorylation–
Dephosphorylation

While the 1990s saw our UV-B and D1/D2 heterodimer
studies maturing and taking physiological/ecological
direction, this period was also consumed by ambiguity

concerning the role played by phosphorylation in D1
function. Frank Callahan was following the spatial sep-
aration of the different forms of D1 in thylakoids when
in early 1990 he discovered a new form of D1, which we
designated 32* (32 star). This form transiently accu-
mulated in the grana regions of thylakoids. He showed
that its appearance was light dependent and inhibited
by diuron (Callahan et al., 1990). A prolonged elec-
trophoresis run of a polyacrylamide gel facilitated res-
olution of the three known forms of D1: the 33.5 kDa
precursor, the modified 32*, and the 32 kDa-D1 protein
(Fig. 9).

Tedd Elich joined the Mattoo laboratory at that time
and methodically showed that the transiently appear-
ing 32* was actually the phosphorylated form of D1
(Elich et al., 1992). Previously, Bennett and co-workers
(Michel et al., 1988) showed that several PS II proteins
undergo phosphorylation at the N-terminus. However,
because they used a nickel column which irreversibly
bound the isolated phosphorylated proteins, they could
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Fig. 8. The relative contribution of fluence ranges to D1 degradation. Spirodela plants were radiolabeled, chased in the light at various
intensities, and rates of protein degradation determined following SDS-PAGE. The total pie represents the rate of D1 degradation at
1600 μmol photons m−2 s−1 (0.344 h−1). Segments indicate which percentage of this rate is contributed by a given range of photon
fluencies. Onset of photoinhibition in Spirodela occurs at 600 μmol photons m−2 s−1. Thus, D1 degradation in vivo is mainly a low
intensity event. (Adapted from Jansen et al., 1999)

not have anticipated that phosphorylation was, in fact,
only transiently associated with the grana localized
form of D1. The important role that phosphorylation
plays in the life cycle of the D1 protein led to a flurry
of activity, with several investigators confirming these
observations with studies on other plants (Aro et al.,
1992; Rintamäki et al., 1995).

Elich soon came up with a whopper of a discov-
ery. Dephosphorylation of 32* in Spirodela was signifi-
cantly stimulated by far-red (720 nm) light (Elich et al.,
1993)! In the chloroplast, this wavelength is absorbed
almost exclusively by PS I. The involvement of PS II-
driven linear electron transport was ruled out by adding
diuron. In the presence of this inhibitor, cyclic PS I
electron transport (Jansen et al., 1992) and dephospho-
rylation of the D1 protein (Elich et al., 1993) continued
unabated in Spirodela plants under far-red light. Elich,
always the careful worker, further probed the involve-
ment of PS I by introducing DBMIB (2,5-dibromo-
3-methyl-6-isopropylbenzoquinone), a plastoquinone
antagonist and in vivo inhibitor of PS I-cyclic electron
transport. DBMIB inhibited light-stimulated dephos-
phorylation of 32* in a concentration-dependent man-
ner. It also inhibited light-stimulated dephosphoryla-
tion of other PS II core proteins, D2, and CP43, but

not LH2, the light harvesting chlorophyll a/b binding
protein associated with the PS II antennae. This was
taken as evidence for multiple phosphatases involved
in thylakoid protein dephosphorylation. Out of these
studies (Elich et al., 1993) came what at first glance is
an amazing proposal: dephosphorylation of PS II core
proteins is regulated in vivo by PS I excitation! How-
ever, upon reflection, one realizes that PS I-regulated
dephosphorylation would provide the perfect comple-
ment to PS II-regulated phosphorylation, and would
render the phosphorylation state of PS II core proteins
exquisitely sensitive to the relative energy distribution
between the two photosystems.

Soon, results in different laboratories made it likely
that multiple light-regulated protein kinases are also
present and active in the photosynthetic organelle.
Elich took advantage of the fact that LH2 phosphory-
lation in vivo is effectively inhibited by propylgallate
(Sopory et al., 1990) and demonstrated that reversible
protein phosphorylation of PS II reaction center pro-
teins is more strictly light dependent than that of the
light harvesting chlorophyll a/b binding protein (Elich
et al., 1997). We were tempted to suggest that such a
cross talk in the chloroplast may regulate chromatic
adaptation of plants.
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Fig. 9. Stromal (S) and granal (G) lamellae were isolated from 35S-methionine labeled Spirodela plants and resolved by SDS-PAGE.
The Coomassie-stained gel shows the overall protein profiles of the fractions used. The highly resolved positions of the 33.5, 32*,
and 32 kDa D1 bands are shown in the fluorograph (S lane- 3min pulse, no chase; G lane- 3min pulse, 2 h chase). Duplicated lanes
of the same gel were electroblotted onto nitrocellulose and probed with polyclonal antibody to the D1 protein. (From Callahan et al.,
1990)

IX. Circadian Control

While searching for a D1-specifc protein kinase, Mark
Swegle and Isabelle Booij-James, at the Beltsville lab-
oratory, added yet another dimension to the D1 phos-
phorylation saga. Beyond the known redox regulation
of D1 phosphorylation, they discovered an overriding
control by an internal, circadian clock (Booij-James
et al., 2002). In greenhouse grown plants under natu-
ral diurnal cycles, the peak of D1 phosphorylation was
found to occur at about 10 am, 4 hours after daybreak
but 2 hours before maximal light intensity (Fig. 10)!
Moreover, the up and down cycling of D1 phosphory-
lation could occur at light intensities well below those
saturating for photosynthesis or initiation of photoin-
hibition. Once induced, the D1 phosphorylation cycle
maintained its oscillations under free running condi-
tions in continuous light, one of several signs for circa-
dian control that were found (Booij-James et al., 2002).

A number of questions surfaced as we were revis-
ing the manuscript on circadian entrainment of D1
phosphorylation for Plant Physiology and considering

the reviewers’ comments. Over long hours of delibera-
tion, we synthesized the discussion that was presented
in Booij-James et al. (2002): Is the phosphorylation
state of PS II reaction core proteins a consequence or a
determinant of the relative energy distribution between
the two photosystems in oxygenic photosynthesis? Do
plants use the phosphorylation index of D1 as a sen-
sor to anticipate the onset of higher light intensities
(Mattoo and Edelman, 1985)? We suggested that cir-
cadian regulation of a nuclear D1-kinase gene prod-
uct could provide a cross-talk mechanism by which
a biological clock uses a nuclear-encoded protein to
regulate PS II core function and that light-mediated
reversible phosphorylation is a means for the chloro-
plast to anticipate environmental change. We pointed
out that the manner in which D1 metabolic regulation is
achieved likely differs among different photosynthetic
organisms. In higher plants, where D1 is reversibly
phosphorylated, circadian regulation of metabolism
may be at the phosphorylation level. In cyanobacteria,
redox-regulated phosphorylation of D1 does not ap-
pear to occur; but these oxygenic bacterial phototrophs
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Fig. 10. Rhythmic behavior of the phosphorylated D1 level in Spirodela under greenhouse conditions. A. The light intensity (broken
lines) and the D1-P index ([D1−P]/[D1] + [D1−P]) are shown at indicated times over 3 day/night cycles (filled rectangles). At the
end of the light period and 2 h into darkness, a set of plants was exposed for 5 min to 300 μmol photons m−2 s−1 fluorescent light
and thereafter returned to darkness (empty rectangles). B. D1-P index maintains oscillations in free running conditions in continuous
light. Plants were grown in the greenhouse under natural light/dark cycles for a week in medium lacking sucrose. Then, at the end
of the light cycle and 2 h into darkness, a set of plants was left in the greenhouse until the end of the experiment while another was
brought into the laboratory and incubated in continuous light at 200 μmol photons m−2 s−1 until the end of the experiment. Error
bars indicate standard errors. (From Booij-James et al., 2002)

often possess multiple copies of the psbA gene coding
for D1 (Golden, 1995; Chen et al., 1999), with dif-
ferent D1 iso-forms adapted in vivo to varying photon
irradiation, one dominant at lower and another at higher
light intensities (Bustos et al., 1990; Clarke et al., 1993;
Kulkarni and Golden, 1994). Several studies showed
that light-induced transcription of cyanobacterial psbA
occurs within the larger framework of circadian con-
trol (Liu et al., 1995; Chen et al., 1999). We thus
put forward a generalized hypothesis that reversible
phosphorylation of D1 (and maybe, other PS II pro-
teins) in higher plants evolutionarily replaced multiple
DNA copies in cyanobacteria as a more energy efficient
substrate for circadian clock regulation of PS II core
metabolism.

X. The Past and Future

Thus, over three decades, considerable structural and
functional information was amassed concerning the life

cycle of the D1 protein and the region of the molecule
where primary light-dependent cleavage occurred. Two
major steps were uncovered regarding radiance-driven
D1 degradation. First, depending on incident radiation,
one or more photoreceptors, characterized by specific
action spectra, are activated. Then, the energized pho-
toreceptor, directly or indirectly, activates a cleavage
site resulting in the appearance of a specific breakdown
product. While these findings provided some detail
concerning mechanism, they skirted the issue of dual
functionality of the D1 protein: a central scaffolding
protein of the PS II reaction center core that inexpli-
cably turns over more rapidly than other core and PS
II proteins. We spent many coffee breaks discussing
this. Back in 1981, John Ellis (Ellis, 1981) put forward
the idea that D1 turnover was a protective mechanism.
In 1985 we wrote (Mattoo & Edelman, 1985): “The
coordination in the rates of synthesis and breakdown
of this regulatory protein may be one of the mecha-
nisms by which plants adapt to changing light condi-
tions. Light adaptations are known to be associated with
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specific alterations at several levels in the chloroplast,
resulting in plants with shade-type or sun-type plastids.
Herbicides that inhibit electron flow through PS II also
induce shade-type chloroplasts in plants grown in high
light, while in certain plants, high light can affect pho-
tosynthetic efficiency and cause losses. Indeed, when
Spirodela is cultivated on a sublethal dose of atrazine,
alterations seen in the ultrastructure and lipid compo-
sition of thylakoids resemble those seen in shade-type
chloroplasts and triazine-resistant weeds. Under these
conditions, the degradation of the D1 protein is retarded
compared to control plants (Mattoo et al., 1984b). It
would appear that the lipid environment of the D1 pro-
tein affects conformation, orientation and function of
the protein in PS II. Of particular interest is a plau-
sible but entirely speculative suggestion that a signal
whose amplitude varies with the rate of D1 protein
turnover acts as the plant’s light meter, setting in mo-
tion a process that helps the plant to adjust to changing
light conditions. This adjustment could involve rapid
reorganization of the lipid and protein components of
the chloroplast for optimal photosynthetic efficiency
by maintaining a functional interaction of the light har-
vesting chlorophyll a/b protein, the regulatory com-
ponents (e.g., the D1 protein) and lipids of the PS II
complex.”

Looking back now at 25 years of our joint D1 pro-
tein research, we are at one and the same time awed
and pleased, but yet unfulfilled. Awed at the hun-
dreds of publications researching various aspects of
D1 metabolism, regulation, structure, and function that
have ensued partially due to our early findings. Pleased
that D1 and D2 research still rules the roost (witness
the tens of abstracts in the Program Book of the 2004
symposium on Photosynthesis and Post-Genomic Era
dealing with the D1/D2 heterodimer (Carpentier &
Allakhverdiev, 2004). But yet unfulfilled, as we sus-
pect that a fundamental regulatory function associated
with rapid D1 degradation still awaits resolution. In this
regard, we are encouraged by current (as yet unpub-
lished) studies in Avigdor Scherz’s group which point
to conformational flexibility in the apposition of the
D and E helices (involving reversible hydrogen bond
and other weak associations at their crossing point)
as regulating protein-gated electron transfer (personal
communication). This dynamic breathing of the D1/D2
heterodimer not far from the QB binding niche and D1
degradation site may yet hook up with our speculation
above concerning a light meter function for rapid D1
degradation.

And that’s what its all about; being unsatisfied with
the present state of knowledge and planning for the next
experiment.
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Summary

Photoprotective energy dissipation is a process in which xanthophylls (particularly zeaxanthin and antheraxanthin;
Z + A) facilitate the dissipation of excess absorbed light energy as heat. This process can occur in different versions
that meet the demands of different environments. Flexible thermal dissipation (qE type) responds to intra-thylakoid
pH, is controlled by the PsbS protein, and relaxes rapidly upon darkening at warm temperatures. This flexible,
PsbS/�pH-dependent dissipation is the predominant form of energy dissipation under environmental conditions
favorable for growth, irrespective of plant species. In comparison with short-lived species, perennial evergreens
not only have slower growth and lower photosynthetic capacities but also possess higher capacities for flexible
thermal dissipation and show greater increases in PsbS level and Z + A in full sun versus moderate growth light
intensity. Furthermore, a sustained form of thermal dissipation (qI type) is observed predominantly in photoinhibited
evergreens under environmental conditions unfavorable for growth, irrespective of the environmental factor(s)
involved. Sustained thermal dissipation is associated with Z + A retention, but is not �pH-dependent and does not
relax rapidly in darkness even at warm temperatures. The role of PsbS in sustained dissipation versus other factors is
discussed. Moreover, a correlation between sustained thermal dissipation in Z + A-retaining photoinhibited leaves
and sustained phosphorylation of the photosystem II (PS II) core’s D1 protein is shown. In overwintering Douglas
fir, this is associated with an upregulation of an inhibitor (TLP40) of PS II core protein phosphatase.

I. Introduction

When plants absorb more light than they can utilize
in photochemistry, they dissipate the excess as ther-
mal energy in order to limit the formation of reactive

∗Author for correspondence, email: barbara.demmig-adams@colorado.edu

oxygen species that can ultimately cause cell death
(Niyogi, 2000; Demmig-Adams and Adams, 2002).
In this chapter, two different forms of photoprotec-
tive thermal energy dissipation (assessed from non-
photochemical chlorophyll fluorescence quenching or
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NPQ) are compared and contrasted. These two forms
differ in their flexibility (e.g. speed of recovery), and
are often referred to as flexible, rapidly reversible dis-
sipation (qE type of NPQ or “feedback de-excitation”)
versus sustained dissipation (qI type of NPQ), respec-
tively. Pronounced differences among plant species in
the employment of these two forms of thermal dissipa-
tion are documented here. It is concluded that evergreen
species employ both forms of thermal dissipation to a
greater extent than species with shorter-lived leaves.
In addition, sustained thermal dissipation is shown to
be closely associated with photoinhibition of photo-
synthesis that is, furthermore, demonstrated to be con-
siderably more common in evergreen species than in
short-lived species.

II. Interspecies Differences in the
Capacity for Flexible Thermal Dissipation

Long-term growth in different light environments, but
under otherwise optimal conditions, reveals different
strategies in an annual crop versus a perennial tropical
evergreen (Fig. 1). Only the highly shade-tolerant ev-
ergreen species is able to survive and grow in deep
shade. The crop species grows best at full sunlight
and has a higher photosynthetic capacity in full sun
compared to an intermediate light level (Fig. 1A). In
contrast, the evergreen does not increase its photosyn-
thetic capacity between moderate and full sunlight, and
thus utilizes less of the extra energy of full sunlight
for increased growth and photosynthesis than the crop
species (Fig. 1B). On the other hand, the crop species
does not increase its capacity for thermal energy dissi-
pation between moderate and full sunlight, whereas the
evergreen shows a strong increase in this capacity. The
allocation of full sunlight to photosynthesis versus ther-
mal dissipation is thus very different in the fast-growing
crop versus the slow-growing evergreen species. Con-
sistent with the increase in thermal dissipation capac-
ity at full sunlight in the evergreen, the levels of the
PsbS protein as well as the maximal level of zeaxan-
thin and antheraxanthin (Z + A) are also considerably
increased in full versus moderate sunlight in the ever-
green (Fig. 1D,F) but not in the crop species (Fig. 1C,E).

The PsbS protein and the de-epoxidized, excess-
light-induced forms (Z + A) of the xanthophyll cy-
cle are both required for �pH-dependent, rapidly
reversible NPQ (Niyogi, 2000; Jung and Niyogi, this
volume). The thermal dissipation process employed in
either plant species under these favorable conditions is
this flexible, reversible form of NPQ (qE type). This is
supported by the fact that the majority of NPQ under

these conditions can be abolished with uncouplers as
well as by the absence of sustained increases in NPQ
or decreases in predawn PS II efficiency (from the ratio
of variable to maximal Chl fluorescence, Fv/Fm; Fig. 1
I,K). Under high light in the absence of additional en-
vironmental stresses, the PsbS/�pH-dependent form
of thermal dissipation thus predominates irrespective
of a species’ inherent growth rate. It can also be con-
cluded that the capacity for PsbS/�pH-dependent NPQ
is higher in evergreens with lower growth and maximal
photosynthesis rates than in species with short-lived
leaves. Maximal NPQ capacity in sun-grown Monstera
deliciosa was as high as that of PsbS-overexpressing
Arabidopsis strains (Li et al., 2002a). The authors of
the latter study brought up the question of potential
costs of a greater constitutive expression of PsbS that
may not be compatible with maximal light harvesting,
growth, and/or reproduction. In short-lived species,
high growth rates are necessary for rapid completion of
their life cycle. Since perennial evergreens do not pos-
sess, and would not appear to require, the high growth
rates of annuals, their higher level of PsbS in full sun
would seem to offer only benefits (in the form of max-
imal photoprotection).

III. Sustained Thermal Dissipation in
Photoinhibited Evergreens

A. Photoinhibition, Xanthophyll Cycle
Arrest, and Sustained Dissipation

Excess light can lead to a lasting inactivation of PS
II that is termed “photoinhibition” of photosynthesis
and of PS II (see e.g. Powles, 1984; Demmig-Adams
and Adams, 2003) under certain conditions. These in-
clude (a) a sudden transfer of shade-grown leaves to
high light levels and (b) sun exposure in the presence
of additional environmental stresses such as e.g. cold
temperature during seasonal transition to winter in tem-
perate climates. However, not all plant species respond
in the same fashion. During summer-winter transition,
overwintering annuals and biennials typically continue
growing and maintain a high photosynthetic capacity.
On the other hand, overwintering evergreens frequently
cease growth and downregulate their photosynthetic ca-
pacity (Adams et al., 2002, 2004, this volume; Öquist
and Huner, 2003; Huner et al., this volume). In such
an inactivated state, the continuously light-absorbing
leaves of evergreens must be protected by formidable
photoprotection to prevent excess excitation energy
from leading to a massive production of reactive oxy-
gen species.
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Fig. 1. Effect of growth light environment on photosynthetic capacity (light- and CO2-saturated rate of photosynthetic oxygen
evolution; A,B), NPQ capacity (C,D), PsbS level (E,F), maximal zeaxanthin and antheraxanthin (Z + A) level (G,H), and maximal
PS II efficiency Fv/Fm at predawn (I,K) in the annual crop spinach versus the tropical evergreen Monstera deliciosa. Growth light
environments were either continuous 10 μmol photons m−2 s−1 during the photoperiod or in a glasshouse where the peak PFD levels
were 300 or 1500 μmol photons m−2 s−1 for several hours during midday. The parameters shown were measured as described in
Ebbert et al. (2005; for PsbS), Demmig-Adams (1998; for NPQ capacity), and Adams et al. (2002; for all others). NPQ capacity and
maximal Z + A levels were determined under conditions allowing only low electron transport rates (2%O2, 98% N2). Data shown
are means (±SD, n = 3). Significant differences are indicated by different letters; p < 0.001 for photosynthetic capacity; p < 0.05
for NPQ; p < 0.001 for PsbS/PS II (ratio of PsbS level to the level of the oxygen-evolving complex); p < 0.01 for both Z + A
(zeaxanthin and antheraxanthin) and Fv/Fm.
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Fig. 2. Effects of photoinhibition caused by either a sud-
den transfer from low (LL) to high (HL) growth light in-
tensity (A,C,E) or by summer (Su) to winter (Wi) transition
(B,D,F), respectively, on photosynthetic capacity (light- and
CO2-saturated rate of oxygen evolution), maximal PS II effi-
ciency, Fv/Fm, at predawn, and predawn zeaxanthin and anther-
axanthin, (Z + A)/(V + A + Z), levels in two pairs of species
with short-lived versus evergreen leaves. Data on Malva ne-
glecta and Douglas fir (B,D,F) are from Adams et al. (2002).
Data on spinach (A,C), pumpkin (E), and Monstera deliciosa
(A,C,E) were collected before and after five days upon transfer.
LL was 10 and 100 μmol photons m−2 s−1 for M. deliciosa and
crops, respectively, and HL was 1200 μmol photons m−2 s−1 for
10–12 hours per day each. V = violaxanthin. Data shown are
means (±SD, n = 3). Significant differences are indicated by
stars; ** for p < 0.01; *** for p < 0.001.

Upon sudden transfer of shade-grown plants to high
light, mature leaves of annual crops increase their pho-
tosynthetic capacity and exhibit no (lasting) decreases
in predawn PS II efficiency Fv/Fm (Fig. 2A,C). In con-
trast, mature leaves of a tropical evergreen respond to
a sudden increase in growth light intensity with pho-
toinhibition, as characterized by a further decrease in
their already low photosynthetic capacity as well as
a sustained depression of PS II efficiency at predawn

(Fig. 2A,C). Very similar patterns are observed be-
tween summer and winter in another comparison of
an evergreen versus a species with shorter-lived leaves
(Fig. 2B,D). Once again, the (weed) species with the
shorter-lived leaves shows an increased photosynthetic
capacity, exhibits no sustained depressions of PS II
efficiency at predawn, and thus shows no signs of
photoinhibition in winter (Fig. 1B,D). In contrast, the
overwintering evergreen exhibits strong decreases in
both photosynthetic capacity and PS II efficiency at
predawn and is thus strongly photoinhibited in the win-
ter (Fig. 2B,D). Leaves of photoinhibited evergreens
also show sustained overnight retention of high lev-
els of Z + A that is absent in crops and weeds (Fig.
2E,F; Adams et al., this volume). The xanthophyll cy-
cle is thus arrested in its high light state (as Z + A)
in photoinhibited evergreens. This overnight retention
of Z + A is associated with an overnight retention of
high levels of NPQ in photoinhibited shade leaves of
evergreens transferred to high light (Demmig-Adams
et al., 1998; Ebbert et al., 2001). This is likely to also
be the case in overwintering evergreens where NPQ
levels, however, cannot be compared between summer
and winter (Adams et al., this volume). Sustained NPQ
in photoinhibited evergreens is not �pH-dependent,
as was demonstrated in an overwintering evergreen
(Verhoeven et al. 1998) and as is also the case for
shade-grown Monstera deliciosa transferred to high
light.

It is useful to clearly separate this �pH-independent
form of NPQ that is sustained at warm temperatures,
from the maintenance of �pH-dependent NPQ (in both
annuals and evergreens) at low temperatures. In the
latter, the trans-thylakoid pH gradient is maintained in
darkness (Gilmore and Björkman, 1995) and overnight
in the field (Verhoeven et al., 1998; Adams et al., 2002)
at low temperatures.

B. PsbS and its Relatives

From the discussion of sustained NPQ in photoinhib-
ited evergreens in the previous section, the question
arises as to whether or not �pH-independent NPQ is
facilitated by PsbS. PsbS facilitates �pH-dependent
NPQ (Li et al., 2000, 2002b; Jung and Niyogi, this
volume) and increases plant fitness under moderate,
intermittent levels of excess light (Külheim et al.,
2002) as shown in the model for short-lived species,
Arabidopsis. PsbS is protonated during the develop-
ment of excess light, and is thus thought to act as the pH
sensor that triggers �pH-dependent, flexible NPQ (Li
et al., 2002b; Jung and Niyogi, this volume). But does



Chapter 4 Two Types of Photoprotective Thermal Dissipation 43

PsbS also facilitate the �pH-independent, sustained
NPQ under severely and continuously excessive light
as seen in shade leaves of evergreens transferred to high
light, or in overwintering evergreens? In photoinhibited
shade leaves of the tropical evergreen M. deliciosa
transferred to high light and exhibiting high levels of
�pH-independent, sustained NPQ, the level of PsbS
declined to about half of the already low levels present
in the shade (cf. Fig. 1F). However, the shade leaves
transferred to high light require an even greater level
of photoprotective dissipation than that utilized by sun
leaves (cf. Fig. 1). While the levels of PsbS decrease
in photoinhibited M. deliciosa leaves, the levels of an-
other protein are upregulated. This protein has an appar-
ent molecular weight of 15-17 kDa, cross-reacts with
an anti-HLIP (high-light-inducible protein) generated
against Arabidopsis HLIP, and continues to increase for
several days after sudden transfer to high light.

Similar features are observed in overwintering
evergreens. The evergreen ground-cover bearberry
(Arctostaphylos uva-ursi) occurs over a wide range
of altitudes and light environments e.g. in the Front
Range of the Rocky Mountains (Fig. 3). Bearberry be-
comes photoinhibited only at the highest altitude (of
near 3000 m), as evidenced by the pronounced de-
creases in photosynthetic capacity and predawn PS II
efficiency Fv/Fm (Fig. 3A,B) in this environment. The
levels of PsbS, however, increase in winter only in the
shaded, lower altitude bearberry population that does
not become photoinhibited (Fig. 3C). Photoinhibited
populations of bearberry at the highest altitude show an
increase in another protein, or set of proteins, of about
15–17 kDa recognized by an antibody against pea ELIP
(for early-light-inducible protein; Fig. 3D) as well as the
same antibody (against Arabidopsis HLIP) that recog-
nizes the light-stress-induced protein in M. deliciosa.
Thus, the greatest increase in PsbS in winter occurs in
non-photoinhibited leaves with high levels of reversible
NPQ whereas the greatest increase in the ELIP/HLIP-
reactive protein(s) takes place in photoinhibited leaves
with high levels of sustained NPQ.

The proteins upregulated in photoinhibited leaves
are likely to be members of the light-stress-responsive
subgroup of light-harvesting proteins that includes
PsbS (four-helix protein), ELIPs (three-helix proteins),
HLIPs (one-helix proteins), as well as two-helix pro-
teins (Jansson et al., 2000; Heddad and Adamska, 2000;
He et al., 2001; Jansson, this volume). A transient up-
regulation of ELIPs was observed during transition
from early to late spring in a Scots pine boreal for-
est (Ensminger et al., 2004) as well as during inter-
mittent cooler temperatures in field-grown pea (Norén

Fig. 3. Effect of season, altitude, and growth light environ-
ment on photosynthetic capacity (A), maximal PS II effi-
ciency, Fv/Fm, at predawn (B), and levels of PsbS (C) as
well as a 15–17 kDa, anti ELIP-reactive protein in bear-
berry (Arctostaphylos uva-ursi or kinnikinnick). Protein lev-
els are given as relative optical densities. Analyses were as
described in Ebbert et al. (2005). Data shown are means
(±SD, n = 3). Significant differences are indicated by dif-
ferent letters; p < 0.001 for (A), p < 0.05 for (B), (C),
and (D).
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Fig. 4. Effects of a sudden transfer from low (LL) to high
(HL) growth light intensity on (A) predawn levels of D1 pro-
tein phosphorylation (from relative optical densities of anti-
phosphothreonine = anti-P-Thr), (B) zeaxanthin and anther-
axanthin, (Z + A)/(V + A + Z), and (C) thermal dissipation
(NPQ) in Monstera deliciosa (data from Ebbert et al., 2001).
LL was 8 μmol photons m−2 s−1 and HL was 700 μmol pho-
tons m−2 s−1 for 12 hours per day. NPQ = non-photochemical
quenching; V = violaxanthin. Data shown are means (±SD,
n = 3 or 6). Significant differences are indicated by stars; **

for p < 0.01; *** for p < 0.001.

et al., 2003). Overexpression of ELIPs in Arabidopsis
increases photoprotective capacity but does not affect
the levels of reversible NPQ of the qE type (Hutin et al.,
2003). This, however, does not exclude the possibility
that members of this subgroup other than PsbS may
play a role in �pH-independent, sustained NPQ in pho-
toinhibited evergreens. Do evergreens possibly possess
additional genes of the above-mentioned subgroup of
light stress-inducible proteins that are not present in
short-lived species?

C. Sustained Protein Phosphorylation

As discussed above, sustained decreases in predawn
PS II efficiency in photoinhibited leaves of evergreens
are associated with a retention of high levels of Z + A

and sustained high levels of thermal dissipation. These
changes are, furthermore, accompanied by sustained
phosphorylation of the D1 protein of the PS II core in
both M. deliciosa transferred to a higher PFD (Fig. 4)
and overwintering Douglas fir (Fig. 5). Evidence for
sustained D1 phosphorylation is provided (Fig. 5) by
the combination of (i) decreased levels of unphospho-
rylated D1 (detected by a specific antibody against un-
phosphorylated D1; Booij-James et al., 2002) and (ii)
increased levels of phosphorylated D1 (detected by an
anti-phosphothreonine antibody). A close correlation
exists between sustained D1 phosphorylation and Z
+ A retention, sustained NPQ maintenance, and de-
creases in PS II efficiency (Fig. 6; Ebbert et al., 2005).
The sustained high level of D1 phosphorylation in over-
wintering Douglas fir is, furthermore, associated with
an increase in the level of the TLP40 protein (Fig. 5)

Fig. 5. Effects of summer (Su) to winter (Wi) transition
on predawn levels of (A) of non-phosphorylated D1 (as
anti-SP1), (B) phosphorylated D1 (as anti-P-Thr = anti-
phosphothreonine), (C) maximal PS II efficiency, Fv/Fm, and
(D) the inhibitor of PS II protein phosphatase, TLP40 (data
from Ebbert et al., 2005). Protein levels are given as relative
optical densities. Data shown are means (±SD, n = 3). Signif-
icant differences are indicated by stars; ** for p < 0.01; ***

for p < 0.001.
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Fig. 6. Correlation between D1 phosphorylation state (from
anti-phosphothreonine as relative optical densities) and
predawn levels of zeaxanthin and antheraxanthin (Z + A) per
Chl or predawn PS II efficiency Fv/Fm (data from Ebbert et al.,
2005).

that is thought to act as an inhibitor of a PS II core
protein phosphatase (Fulgosi et al., 1998; Vener et al.,
1999; Rokka et al., 2000).

In summary, evergreen species have a greater
propensity for photoinhibition than species with
shorter-lived leaves. Photoinhibition is manifest as sus-
tained decreases in predawn PS II efficiency and in
the maximal rates of linear photosynthetic electron
flow (photosynthetic capacity). This inactivation is
accompanied by maintenance of high levels of ther-
mal dissipation with a sustained retention of the xan-
thophylls Z + A required for dissipation. Under fa-
vorable summer conditions, high levels of Z + A and
NPQ are observed exclusively at maximal light in-
tensities. The continuous maintenance, and perhaps
maximization of thermal dissipation in overwintering
leaves of evergreens should provide protection against
the formation of reactive oxygen species, such as sin-
glet oxygen formed by transfer of excess excitation

energy from chlorophyll to oxygen. In addition, the
D1 protein of PS II cores is continuously main-
tained in the phosphorylated state that, under favor-
able conditions, is observed only at high light inten-
sities (Rintamäki et al., 1997; Ebbert et al., 2001).
PS II core and light-collecting antennae are thus main-
tained in their high light conformation throughout
the day/night cycle in photoinhibited leaves. The in-
creased levels of TLP40 in overwintering Douglas fir
suggest that the sustained, elevated D1 phosphoryla-
tion represents an active acclimation to winter condi-
tions.

The role of D1 phosphorylation, and PS II core
protein phosphorylation, is not well understood (see
Booij-James et al., 2002). Suggestions for its func-
tion include a possible role in regulating D1 turnover
(Baena-Gonzalez et al., 1999) as well as a possible
role in signal transduction. The results presented here
suggest a possible function of sustained high D1/PS
II core protein phosphorylation in photoprotection in
overwintering leaves. One may speculate that sustained
PS II protein phosphorylation could be involved in
converting PS II cores to dissipating centers in which
thermal dissipation may be facilitated by zeaxanthin.
Some zeaxanthin had previously been localized to PS II
cores of an evergreen at low temperature (Verhoeven
et al., 1999). It has been suggested that over the course
of evolution, reversible phosphorylation of D1 has re-
placed the multiple D1 genes present in cyanobacte-
ria (Booji-James et al., 2002). In cyanobacteria, tran-
sition to a different D1 form at lower temperature was
suggested to favor thermal energy dissipation within
the PS II core (Sane et al., 2002). A conversion of PS
II cores to photochemically inactive, dissipating cen-
ters (Matsubara et al., 2002) may counteract not only

Fig. 7. Summary of the characteristics of the two different forms
of thermal dissipation, i.e. flexible versus sustained dissipation.
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Fig. 8. Schematic depiction of the different capacities of species with short-lived leaves and perennial evergreens for photosynthe-
sis as well as flexible (qE) and sustained (qI) thermal energy dissipation (NPQ). Despite their lower photosynthetic capacity for
photosynthesis, evergreens’ greater capacity for qE and, particularly qI, is speculated to afford a greater protection from massive
reactive oxygen (ROS) production and cell death (including programmed cell death) under severe stress and thus severely excessive
light.

singlet oxygen formation but also charge separation
and transfer of electrons to oxygen, leading to super-
oxide formation in the chloroplast. Sustained D1 phos-
phorylation, Fv/Fm depression, and Z + A retention are
observed irrespective of the type of stress that caused
photoinhibition and are thus a characteristic feature of
photoinhibited leaves of evergreens in general. Being
more prominent in evergreens with their high stress re-
sistance, photoinhibition may thus be one of the many
“talents” of evergreens.

IV. Two Types of Thermal Energy
Dissipation in Evergreens

In summary (Fig. 7), there are two distinct forms
of thermal energy dissipation that differ in their
properties, such as pH-dependence, level of flexibil-
ity (rapidly versus slowly reversible), and associa-
tion with PS II core modification (D1 phosphoryla-
tion). Evergreens employ greater maximal levels of
pH-dependent NPQ (qE type) and also have a much
greater propensity for pH-independent NPQ (qI type)
than shorter-lived species (Fig. 8). In addition, leaves of
evergreen species exhibit very similar features of pho-
toinhibition irrespective of what stress induced the pho-
toinhibition. These features include pH-independent

NPQ, xanthophyll cycle arrest (as Z + A), and PS II
core modification by sustained phosphorylation. Fu-
ture research should examine whether PS II core re-
arrangement (via sustained phosphorylation) and/or
light-stress-inducible proteins related to PsbS are in-
volved in sustained thermal dissipation or other photo-
protective processes. These factors may contribute to
the high stress resistance of evergreens and their ability
to maintain green, yet completely photochemically in-
active leaves for a whole season without suffering any
apparent adverse effects.
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Li X-P, Müller-Moulé P, Gilmore AM and Niyogi KK (2002a)
PsbS-dependent enhancement of feedback de-excitation pro-
tects photosystem II from photoinhibition. Proc Natl Acad Sci
USA 99: 15222–15227

Li X-P, Phippard A, Pasari J and Niyogi KK (2002b) Structure-
function analysis of photosystem II subunit S (PsbS) in vivo.
Funct Plant Biol 29: 1131–1139

Matsubara S, Gilmore AM, Ball MC, Anderson JM and
Osmond CB (2002) Sustained downregulation of photosys-
tem II in mistletoes during winter depression of photosynthe-
sis. Funct Plant Biol 29: 1157–1169

Niyogi KK (2000) Safety valves for photosynthesis. Curr Opin
Plant Biol 3: 455–560

Norén H, Svensson P, Stegmark R, Funk C, Adamska I and
Andersson B (2003) Expression of the early light-induced pro-
tein but not the PsbS protein is influenced by low temperature
and depends on the developmental stage of the plant in field-
grown pea cultivars. Plant Cell Environ 26: 245–253
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Summary

The photosynthetic apparatus is exquisitely adapted to capture light energy and convert it into reduced carbon
compounds while also protecting against the potential deleterious effects of excessive excitation energy. The lat-
ter is achieved through fine regulation of thermal energy dissipation over multiple time scales and in response
to many different environmental stresses. Over short time scales in the absence of additional stress, control is
exerted through pH regulation of the enzymatic conversion of violaxanthin to zeaxanthin (and its return to vio-
laxanthin) and engagement of zeaxanthin in thermal energy dissipation. Under more extreme exposure to excess
light (transfer of shade leaves to high light or the imposition of additional stresses in the presence of high light),
greater levels of zeaxanthin are retained and may also be maintained in a dissipative configuration even in darkness.
Engagement of zeaxanthin in thermal energy dissipation lowers the maximal efficiency of photosystem II (PS II)
as the excess excitation energy is diverted away from the reaction centers and harmlessly released as heat. Thus,
maximal PS II efficiency exhibits decreases and increases with varying degrees of light absorption. Under pro-
longed and/or pronounced exposure to excess light, maximal PS II efficiency can furthermore exhibit nocturnally
sustained decreases as the potential for photoprotective zeaxanthin-dependent energy dissipation is maintained.
Zeaxanthin-dependent energy dissipation that is sustained at moderate temperatures is also typically accompa-
nied by downregulation of photosynthesis, including photosynthetic electron transport. Decreases in photosynthetic
electron transport presumably lower the likelihood of electrons reducing molecular oxygen to superoxide, and
sustained zeaxanthin-dependent energy dissipation mitigates the formation of singlet excited oxygen. Thus, while
sustained decreases in maximal PS II efficiency and photosynthetic capacity are key characteristics of photoinhibi-
tion, they are also the features that provide powerful photoprotection against the formation of toxic reactive oxygen
species.
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I. Introduction

The photosynthetic portions of all plants exposed to
sunlight regularly face the potential problem of ex-
cess excitation energy. Although a decrease in pho-
tosynthesis was recognized as one response to excess
light more than a century ago (see Osmond and Förster,
this volume) and subsequently termed photoinhibition
fifty years ago (Kok, 1956), the more ubiquitous occur-
rence of photoprotective energy dissipation as a com-
mon response to even moderately excessive light has
only been recognized for the past decade-and-a-half.
In this Chapter, we summarize information about how
the two phenomena are inextricably linked, and repre-
sent photoprotective responses along a continuum of
adjustments in response to excess light.

II. Characteristics of Energy Dissipation
and Photoinhibition

A. Flexible Energy Dissipation

Under physiologically normal conditions, dark adap-
tation (e.g. a night of darkness) returns the photosyn-
thetic apparatus to its most oxidized and relaxed state in
leaves. If the interval of darkness is relatively short, pro-
gression into the oxidized state can be facilitated with
far-red radiation (Schreiber et al., 1984; Adams and
Demmig-Adams, 2004). In such a state, the efficiency
of excitation energy transfer within PS II light-
harvesting antennae and of photochemical charge sep-
aration within PS II reaction centers is maximal. This
state is reflected in an elevated ratio of variable to max-
imal chlorophyll fluorescence Fv/Fm (typically 0.78–
0.87 in C3 and CAM plants, but lower in C4 plants)
that is emitted primarily from photosystem II (PS II),
and a photon yield of photosynthesis that is also maxi-
mal (0.106 O2 evolved per absorbed photon, but lower
in C4 plants) (Kitajima and Butler, 1975; Björkman
and Demmig, 1987; Adams et al., 1990; Adams and
Demmig-Adams, 2004). This situation is illustrated by
the light response curve depicted in Fig. 1A, where PS
II efficiency Fv/Fm is maximal at 0 μmol photons m−2

s−1, and the slope of the light response curve of photo-
synthesis in the light-limited region (= photon yield)
is steep (Björkman and Demmig, 1987).

Increasing light levels lead to a number of responses
within the leaf (Fig. 1A). Photosynthesis increases pro-
portionally to the increases in PFD until its rate begins
to saturate. As saturation is approached, the concen-
tration of protons in the thylakoid lumen increases,
activating the enzyme violaxanthin de-epoxidase that

converts violaxanthin (V, not shown) into antheraxan-
thin (A) and zeaxanthin (Z) (Yamamoto, 1979, this
volume; Hager, 1980; Demmig-Adams et al., 1989a).
There is also a concurrent protonation of specific sites
on the PsbS protein, resulting in a conformational
change that presumably facilitates the engagement
of zeaxanthin (and antheraxanthin) in photoprotective
thermal energy dissipation (Li et al., 2000, 2002; Ma
et al., 2003; Jung and Niyogi, this volume). The latter
can be assessed through changes in nonphotochemical
quenching (NPQ) of chlorophyll fluorescence calcu-
lated as Fm/Fm’−1 (Bilger and Björkman, 1990). A
strong linear correlation has been demonstrated be-
tween the foliar content of Z + A and the total level of
NPQ during active engagement (Bilger and Björkman,
1991, 1994; Demmig-Adams and Adams, 1994a,b,
1996). Thus, as a proportionally greater fraction of
the absorbed light cannot be utilized in photosynthe-
sis at higher light levels, there is a compensatory in-
crease in the level of Z + A, which is then engaged
in dissipation of the excess excitation energy as heat.
There is furthermore a concomitant decrease in maxi-
mal PS II efficiency as the level of energy dissipation in-
creases (Adams et al., 1989, 1995, 1999; Björkman and
Demmig-Adams, 1994; Demmig-Adams et al., 1995,
1996a; Demmig-Adams and Adams, 1996; Demmig-
Adams et al., this volume), as predicted from the analy-
sis by Kitajima and Butler (1975), reflecting a diversion
of the excess excitation energy away from PS II reaction
centers.

For a high light-grown leaf, such increases in ther-
mal energy dissipation and decreases in maximal PS II
efficiency are flexible; they are rapidly reversible upon
transition to non-excessive light or darkness as the de-
protonation of PsbS presumably leads to a rapid dis-
engagement of Z + A from their thermal dissipating
function and a return to high PS II efficiency in limiting
light. Hence NPQ is designated as NPQflex in Fig. 1A.
Upon such transitions, however, Z + A are converted
much more slowly to V by zeaxanthin epoxidase, and
under these conditions the linear correlation between
the amount of Z + A and the level of thermal energy
dissipation no longer exists. On the other hand, reten-
tion of Z + A under such conditions permits a more
rapid engagement of energy dissipation upon a sub-
sequent exposure to excessive light (Demmig-Adams
et al., 1989b; Barker et al., 2002), since it only requires
the rapid protonation of PsbS without the (slower) en-
zymatic conversion of V to Z + A. This rapid modula-
tion of thermal energy dissipation is particularly physi-
ologically relevant e.g. under conditions of intermittent
cloud cover or in the understory of a forest (Fig. 2A–
D; Adams et al., 1999). In fact, reproductive fitness
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Fig. 1. Idealized light response curves of photosynthesis (solid lines), photon yield (dotted lines), PS II efficiency (Fv/Fm in darkness,
Fv’/Fm’ in light; dashed lines), and levels of zeaxanthin + antheraxanthin (Z + A) and of energy dissipation activity (depicted as
nonphotochemical quenching of chlorophyll fluorescence, or NPQ) (mixed dashed line) in a system in which there is no photoinhibition
(A), a system with strong photoinhibition (B), and one in which there is moderate photoinhibition (C). For the situation with no
photoinhibition, NPQ is rapidly and completely reversible and is denoted as NPQflex. For moderate and strong photoinhibition, NPQ
can be sustained and show no reversibility and is denoted as NPQsus. NPQsus is bracketed by parentheses because this value cannot,
under most circumstances, be calculated correctly (see text).

was shown to be lower in the absence of such rapidly
modulated thermal energy dissipation in PsbS-deficient
Arabidopsis mutants (Külheim et al., 2002). The term
“dynamic photoinhibition” (Osmond, 1994; Osmond
and Grace, 1995; Osmond and Förster, this volume)
has been adopted by some to describe the transient and
rapidly reversible decreases in maximal PS II efficiency
that result from this photoprotective energy dissipation
process, even though rates of photosynthetic electron
transport remain maximal (e.g. Adams et al., 1999) and
photosynthesis is not inhibited.

In sun-exposed leaves under otherwise favorable
conditions, the xanthophyll cycle conversion state

[(Z + A)/(V + A + Z)], level of thermal energy
dissipation activity (NPQ), and maximal PS II effi-
ciency change in a very predictable manner over the
course of the day, paralleling increases and decreases
in PFD (Figs. 2E–L). However, the magnitude of these
changes differs among species depending on the pro-
portion of the absorbed excitation energy that is used
for photosynthesis. For instance, the rapidly growing
annual mesophyte sunflower has a high light- and CO2-
saturated rate of photosynthetic oxygen evolution of
typically 50 to 60 μmol O2 m−2 s−1, whereas the ev-
ergreen shrub Euonymus kiautschovicus utilizes only
half as much of the midday light with a photosynthetic
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Fig. 2. Changes in photon flux density, PS II efficiency (Fv/Fm predawn and Fv’/Fm’ during daylight illumination), level of photo-
protective energy dissipation calculated as NPQ, and the level of zeaxanthin + antheraxanthin (depicted as a fraction of the total
xanthophyll cycle carotenoids) in Stephania japonica growing in the understory of a forest in Australia, in sunflower growing in
full sunlight, and in full-sunlight exposed Euonymus kiautschovicus in summer and in winter. Data are redrawn from Adams et al.
(1999), Demmig-Adams et al. (1996b), and Verhoeven et al. (1998).

capacity that ranges between 20 and 30 μmol O2 m−2

s−1 (Adams et al., 1992, 2002; Demmig-Adams et al.,
1992). As a consequence of these different levels of
photosynthetic utilization of absorbed light energy,
Euonymus kiautschovicus converts a greater propor-
tion of the xanthophyll cycle to Z + A (Fig. 2L vs. 2H)
and employs higher levels of photoprotective thermal
energy dissipation (Fig. 2K vs. 2G), resulting in greater
midday depressions in maximal PS II efficiency (Fig.
2J vs. 2F) compared to sunflower. Or, as some prefer to
view it, the more stress-tolerant evergreen species ex-
periences a greater level of “dynamic photoinhibition”.

B. Photoinhibition

Characteristics of photoinhibition include several phe-
nomena that have been the subject of intense study
for the past several decades (see Powles, 1984; Kyle
et al., 1987; Barber and Andersson, 1992; Aro et al.,
1993; Baker and Bowyer, 1994; Long et al., 1994;
Adams et al., 1995, 2002; Barber, 1995; Osmond and
Grace, 1995; Osmond et al., 1997; Melis, 1999; Telfer

et al., 1999; Marshall et al., 2000; Demmig-Adams and
Adams, 2003; Adir et al., 2003). Under physiologically
relevant conditions, such phenomena typically arise
in response to conditions of prolonged or pronounced
excess light absorption; either exposure of low light-
grown plants or leaves to high light, or exposure to light
in the presence of one or more additional stresses. Sev-
eral of these characteristics are depicted in Fig. 1B in
comparison to the non-photoinhibited state shown in
Fig. 1A.

The most frequently assessed parameter in this re-
gard is the maximal efficiency of PS II, Fv/Fm. This
arises not because Fv/Fm is necessarily the most rele-
vant parameter for understanding photoinhibition, but
because it is easily and rapidly determined with lit-
tle perturbation to the system. In fact, decreases in
Fv/Fm can arise from several different changes in the
photosynthetic apparatus (Kitajima and Butler, 1975;
Björkman, 1987; Adams and Demmig-Adams, 2004).
Two common changes leading to decreased levels of
Fv/Fm are increases in photoprotective zeaxanthin-
dependent thermal dissipation and decreases in the
competence of PS II reaction centers to carry out
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photochemical charge separation. In intact leaves
under physiologically relevant conditions, there tends
to be a strong component of the former.

Strong photoinhibition is characterized by a PS II ef-
ficiency (Fv/Fm) as low as 0.1 and 0.2 in a dark-adapted,
fully relaxed state, which corresponds to 12 to 24%
of the Fv/Fm observed in non-photoinhibited leaves.
From this low efficiency state, there is typically no
or little further decrease in PS II efficiency Fv’/Fm’
upon exposure to light (Fig. 1B). Another measure of
the efficiency of energy conversion in photosynthe-
sis, the photon yield (or the slope of the linear portion
of the light response curve of photosynthesis), is also
typically lower in photoinhibited leaves (Figs. 1B vs.
1A) (i.e. there is a strong correlation between Fv/Fm

and the photon yield of photosynthesis; Björkman and
Demmig, 1987; Demmig and Björkman, 1987; Adams
et al., 1990). Following the light response curve of
photosynthesis up to light saturation reveals that the
capacity for photosynthesis is also typically lower in
photoinhibited leaves compared to non-photoinhibited
leaves (Figs. 1B vs. 1A). This feature is not what is
expected from a simple increase in thermal dissipa-
tion. Instead, an inactivation of PS II photochemistry
may contribute to this photoinhibition and likely in-
volves inactivation and/or disassembly of PS II cores
(especially the D1 protein; see Edelman and Mattoo,
Häder, Huner et al., Nishiyama et al., Yokthongwattana
and Melis, this volume). In addition, strongly photoin-
hibited leaves (Fig. 1B) have most of the pool of the
xanthophyll cycle carotenoids retained as zeaxanthin,
and high levels of sustained thermal energy dissipation
(although calculation of NPQ in leaves that are experi-
encing photoinhibition over longer time periods [days
to months] can be problematic in the absence of a valid
control value for Fm; see Adams and Demmig-Adams
1995, 2004; Adams et al., 1995a, b). Thus strongly
photoinhibited leaves are apparently in a photochem-
ically inactive, albeit highly photoprotected state, di-
verting the majority of absorbed excitation energy into
zeaxanthin-dependent thermal energy dissipation.

Moderate levels of photoinhibition typically involve
characteristics that are intermediate between those for
non-photoinhibited leaves and strongly photoinhibited
leaves (Fig. 1C). Dark-adapted PS II efficiency Fv/Fm

may range between 0.4 and 0.7, and PS II efficiency in
the light Fv’/Fm’ shows further decreases as the light
becomes more excessive. Both photon yield and pho-
tosynthetic capacity may be lower than those of non-
photoinhibited leaves. Furthermore, intermediate lev-
els of Z + A are typically retained in darkness and
remain engaged in a state primed for thermal energy
dissipation. Thus, there is a certain level of sustained

NPQ in darkness (which may be impossible to quan-
tify; see above), and additional increases in NPQ (char-
acterized by decreases in Fv’/Fm’, but impossible to
quantify as NPQ since a true Fm control cannot be ob-
tained) occur in response to increasing levels of excess
light. At midday or during exposure to light, moder-
ately photoinhibited leaves therefore apparently rely
on a combination of sustained and rapidly reversible
zeaxanthin-dependent thermal energy dissipation for
photoprotection.

III. Photoprotection and Photoinhibition
in Winter

In the midst of winter, leaves of many evergreen species
can be found in various states of photosynthetic down-
regulation (for reviews, see Adams et al., 2001a, 2002,
2004; Öquist and Huner, 2003). Such species typically
cease growth during the autumn and may or may not
exhibit decreases in the capacity for photosynthesis de-
pending on species, light environment, and the sever-
ity of the conditions to which the plants are exposed.
Most do, however, exhibit nocturnally sustained de-
pressions in PS II efficiency that are associated with
the retention of Z + A (e.g. Figs. 2N, 2P). In fact, the
close association between Z + A level and PS II effi-
ciency that is similar in leaves transiently exposed to
high light under otherwise favorable conditions (expe-
riencing “dynamic photoinhibition”) and in photoin-
hibited leaves/needles in the winter (compare Figs. 3A
and 3B), suggests that the latter are actually in the same
highly protected state.

A portion of winter-induced, nocturnally sustained
decreases in PS II efficiency in evergreen species is
rapidly reversible upon warming (see Verhoeven et al.,
1998). This portion is presumably due to maintenance
of thylakoid lumen acidification at low temperature that
keeps zeaxanthin in an engaged state (see Demmig-
Adams et al., 1996b; Gilmore, 1997). The remaining
portion of the decrease in PS II efficiency reverses
only slowly over days at warmer temperatures (Adams
et al., 1995; Verhoeven et al., 1996) and does not seem
to involve a pH gradient across the thylakoid mem-
brane (Verhoeven et al., 1998; Gilmore and Ball, 2000).
Herbaceous annual and biennial species that maintain
leaves during the winter exhibit only small nocturnally
sustained decreases in PS II efficiency (see Fig. 3B,
spinach), and such minor depressions reverse rapidly
upon warming (Adams et al., 1995b; Verhoeven et al.,
1999). In contrast to evergreen species that exhibit no
change or a decrease in photosynthetic capacity in the
winter compared to the summer, the herbaceous species
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Fig. 3. Relationship between the level of zeaxanthin + antheraxanthin (depicted as a fraction of the total xanthophyll cycle carotenoids)
and photosystem II efficiency as either Fv’/Fm’ during exposure to light (A) or as Fv/Fm that is sustained during winter in the predawn
darkness (B). The midday values for Euonymus kiautschovicus were determined from 10 different leaves of varying exposure to light
during mild conditions in the summer (open circles), whereas all other values were determined during winter. The line fitted through
the data is identical for each panel. Error bars represent standard deviations. Data redrawn from Adams et al. (1995a).

that retain their leaves typically exhibit an upregula-
tion of photosynthetic capacity under winter conditions
(see reviews of the literature in Adams et al., 2001a,
2002, 2004; Öquist and Huner, 2003; Huner et al., this
volume).

In evergreen species that downregulate photosyn-
thesis during the winter, there is a strong correlation
between the capacity for photosynthesis and predawn
PS II efficiency within a species both during the
winter and during the period of transition from winter
through spring (closed circles in Fig. 4). On the other
hand, there is no correlation between the two param-
eters under favorable conditions during the summer.
Different needles or leaves can have very different
capacities for photosynthesis while all have a high PS
II efficiency (open circles in Fig. 4). This is true among
sun-exposed needles and leaves, between sun (high
capacity) and shade (low capacity) needles/leaves
of the same species, and among different species in
which the capacity for photosynthesis varies greatly
with differences in sink activity (utilization of the
carbohydrates produced through photosynthesis for
growth, storage, and respiration) but where PS II
efficiency is equally high.

The strong correlation between photosynthetic ca-
pacity and PS II efficiency in evergreen species un-
der winter conditions and during the transition from

winter to spring suggests a tight link between the
capacity for utilizing light energy for photosynthetic
electron transport and the capacity for dissipating
excess excitation energy thermally. Under favorable
conditions, this involves pH modulation of (1) the
activity of the enzymes responsible for converting
violaxanthin to zeaxanthin and zeaxanthin to viola-
xanthin (see Yamamoto, this volume) and (2) PsbS,
the protein facilitating chlorophyll de-excitation by
zeaxanthin and antheraxanthin in energy dissipation
(Li et al., 2000, 2002; see also Jung and Niyogi, this
volume). Such regulation is depicted schematically in
Fig. 5A, with violaxanthin present as the predomi-
nant carotenoid of the xanthophyll cycle and the PsbS
“valve” closed during the night. During the winter, on
the other hand, evergreen species may enter a downreg-
ulated state in which photosynthetic electron transport
is greatly diminished, zeaxanthin is retained in large
amounts all of the time, and Z is continuously engaged
in a state that can facilitate thermal energy dissipa-
tion whenever light energy is absorbed by the light-
harvesting chlorophyll (Fig. 5B). We have recently
suggested that the downregulation of photosynthetic
electron transport coupled with sustained engagement
of zeaxanthin in energy dissipation may provide an
effective means of preventing the formation of the
reactive oxygen species superoxide and singlet oxygen
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Fig. 4. Relationship between the light- and CO2-saturated capacity for photosynthetic oxygen evolution (determined at 25◦C) and
photosystem II efficiency determined predawn in needles of lodgepole pine growing at approximately 3000 m in the Rocky Mountains
of Colorado. Values were determined in the summers of 2001 through 2003 (open circles) or during the winter through spring transition
of 2003 (closed circles). The photosynthetic capacities during the summer ranged from 15.6 to 47.2 μmol O2 m−2 s−1, whereas
photosystem II efficiency varied little (mean summer value ± SD of Fv/Fm = 0.836 ± 0.013, n = 30). Unpublished data of CR Zarter,
WW Adams, and B Demmig-Adams.

(Demmig-Adams and Adams, 2003; Adams et al.,
2004). Furthermore, several studies have suggested
that proteins related to PsbS, such as early light-
inducible proteins (ELIPs) or high light-inducible
proteins (HLIPs), may play a role in xanthophyll-
dependent photoprotection under more severe condi-
tions (Norén et al., 2003; Ensminger et al., 2004;
Demmig-Adams et al., this volume).

IV. Does Photoinhibition Limit the
Carbon Available to the Plant?

There have been many claims that photoinhibition is
likely to lead to decreases in carbon gain and re-
duced plant productivity, due either to photodamage
or photoinactivation of the D1 protein and the atten-
dant decrease in electron transport capacity or even
to sustained photoprotective energy dissipation that

continues to siphon off absorbed energy upon a return
to non-excessive light conditions (e.g. Ball et al., 1991;
Long et al., 1994; Melis, 1999; Werner et al., 2001; Zhu
et al., 2004). This view has persisted for many years
due primarily to the perspective that “damage” to D1 is
“suffered” during photoinhibition (see Adir et al., 2003
for an historical review; Häder, Huner et al., Nishiyama
et al., Yokthongwattana and Melis, this volume) and
that this “lesion” of the photosynthetic apparatus, or
“impairment” of photosynthesis, must limit the supply
of carbohydrates to the rest of the plant. Thus, there
is considerable support for the view that photoinhibi-
tion is something that should be protected against (e.g.
Endo and Asada, this volume), when in reality pho-
toinhibition may be a means by which plants sustain
photoprotection.

While there is little doubt that D1 can be inacti-
vated by reactive oxygen species (ROS) under strongly
excessive light, this may reflect a photoprotective
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Fig. 5. Schematic depiction of (A) flexible photoprotection involving diurnal conversion of violaxanthin (V) to zeaxanthin (Z) and its
engagement in energy dissipation through the protonation of the PsbS protein, thus minimizing formation of singlet excited oxygen,
and (B) sustained photoprotection involving the nocturnal retention of zeaxanthin in a configuration engaged for energy dissipation
and the downregulation of electron transport to minimize the formation of superoxide.
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Fig. 6. Summer and winter levels of (A) predawn photosystem II efficiency, (B) light- and CO2-saturated capacity for photosynthetic
oxygen evolution (determined at 25◦C), (C) predawn conversion state of the xanthophyll cycle (Z+A)/(V+A+Z), and (D) total soluble
sugars in leaves of Vinca minor growing in full sunlight. Standard deviations are depicted, and all parameters were statistically different
at the p < 0.001 level as determined from the Student’s t-test. Data from Adams et al. (2001b, 2002).

downregulation of its photochemical activity via ox-
idative modification rather than damage (Sopory et al.,
1990). In the general field of oxidative stress physiol-
ogy, the classic view of protein damage by ROS and
subsequent protein repair has been replaced by the re-
alization that the proteins most susceptible to oxida-
tion by ROS are those in the service of cellular regula-
tion and/or signal transduction (Weindruch and Sohal,
1997; Maher and Schubert, 2000).

In addition, a number of studies purporting to
show that photoinhibition involves photodamage to
the D1 protein have relied on the utilization of in-
hibitors of chloroplast-encoded protein synthesis (see,
e.g., the reviews by Melis, 1999; Nishiyama et al.,
this volume). However, these inhibitors can have ef-
fects beyond the simple inhibition of D1 synthesis.
It is quite reasonable to assume that the photosyn-
thetic apparatus is induced to undergo adjustments in
the presence of such inhibitors that would not other-
wise occur. For instance, chloramphenicol can inhibit

photosynthesis directly (Okada et al., 1991), and lin-
comycin and streptomycin have both been found to in-
fluence calcium channels and to alter transmembrane
ion gradients (Fiekers et al., 1979; Prior et al., 1990).
Furthermore, some chloroplast-encoded protein syn-
thesis inhibitors can influence the operation of the xan-
thophyll cycle and the engagement of zeaxanthin in en-
ergy dissipation. Lincomycin inhibits the recovery of
PS II efficiency from winter photoinhibition and from
high light photoinhibitory treatment, but this appears to
be due to an inhibition of the disengagement of zeaxan-
thin from sustained photoprotective energy dissipation
(Verhoeven et al., 1998; Bachmann et al., 2004) rather
than to an inhibition of D1 synthesis (Bachmann et al.,
2004).

The initial characterization of the impact of light
on the D1 protein did not invoke the view of “damage”
to the protein at all. Instead, it was simply recognized
that this protein is turned over rapidly (Mattoo et al.,
1984; Edelman and Mattoo, this volume). One of the
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hallmarks of proteins that serve as control points in
regulation is that they turn over rapidly, thus permitting
rapid adjustment of their levels. There is no question
that, upon exposure to excess light levels for prolonged
periods, the D1 protein becomes inactivated, its levels
can decrease, and the capacity for photosynthesis can
decrease in turn. However, is this a response that has
negative consequences for the plant, and if it could be
prevented, would plant productivity actually be higher?
Or is it an appropriate response of the plant to a situ-
ation where, due to a lack of opportunity for growth
imposed by unfavorable environmental conditions, the
demand for carbohydrates is either very low or a suffi-
cient supply of carbohydrates to meet the maintenance
and growth demands of the plant can continue to be
generated while permitting photosynthesis to be down-
regulated in order to prevent excessive damage due to
the generation of toxic reactive oxygen species (Fig. 5)?

Mesophytic species (annual and biennial crops and
herbaceous species in general) exhibit little propen-
sity for photoinhibition under high light or during
winter conditions, due to high rates of utilization of
the absorbed light for photosynthesis and continued
growth (Adams et al., 2001a, 2002, 2004; Öquist and
Huner, 2003; Huner et al., this volume). On the other
hand, evergreen species, which typically cease growth
in the autumn, readily experience photoinhibition in
high light during the winter (Adams et al., 2001a,
2002, 2004; Öquist and Huner, 2003; Demmig-Adams
et al., this volume). Furthermore, exposure of evergreen
species to high levels of CO2 throughout the winter, in-
creasing the source to sink ratio, also result in a greater
downregulation of photosynthesis (Hymus et al., 1999;
Roden et al., 1999). Winter-induced photoinhibition al-
ways involves sustained decreases in PS II efficiency,
and often decreases in photosynthetic capacity as well.
However, overwintering leaves and needles of ever-
green species also contain high levels of soluble carbo-
hydrates (as cryoprotectants). For the example shown
in Fig. 6, both photosynthetic efficiency and photo-
synthetic capacity were downregulated to an extreme
degree in the winter, and yet the level of soluble carbo-
hydrates was four times greater in the winter compared
to the summer. Does the photoinhibition experienced
by this plant limit the availability of carbohydrates? Or
does the demand for carbohydrates diminish to such an
extent (cessation of growth under the short, cold days of
winter) that the plant can supply all of the carbohydrates
that are necessary for maintenance activities and cry-
oprotection with a much lower rate of photosynthesis?

One might argue that, in response to low temper-
atures, carbohydrates are diverted and maintained in

the tissues for cryoprotection and that this diversion,
coupled with the lower rates of photosynthesis, does
limit the supply of carbohydrates that might otherwise
be available to these plants to continue growing in the
freezing and subfreezing conditions of winter. How-
ever, those plants experiencing the greatest levels of
photoinhibition during winter were found to exhibit the
greatest rates of growth during the subsequent spring
(Blennow et al., 1998; Roden et al., 1999). Further-
more, accumulation of carbohydrates also occurs in
leaves of plants under photoinhibitory conditions that
do not involve a particular requirement for cryoprotec-
tion or osmotic adjustment. A good correlation between
the level of photoinhibition (decreases in PS II effi-
ciency) and increased starch accumulation was found
in two species of Eucalyptus in response to excess light
under conditions of water stress and/or high tempera-
tures (Roden and Ball, 1996). Starch also accumulates
in leaves subjected to the classic photoinhibitory trans-
fer of shade plants to high light, as illustrated in the
following example.

The leaves of Monstera deliciosa (a neotropical ev-
ergreen hemi-epiphyte) from plants grown under low
light (10 μmol photons m−2 s−1) and then transferred
to high light (700 μmol photons m−2 s−1 for 10 h per
day) experienced photoinhibition as determined from a
50% decrease in light-saturated electron transport dur-
ing the first day (not shown) and nocturnally-sustained
depressions in PS II efficiency to below 0.6 (Fig. 7A).
Nonetheless, leaf carbohydrate content increased four-
fold over the next five days (Fig. 7B), the majority of
which accumulated as starch in the chloroplasts. It does
not seem unreasonable to conclude that, faced with
the sudden wealth of available light following trans-
fer from low to high light, PS II and photosynthesis
can be downregulated (or experience photoinhibition)
and still provide a greater income of carbohydrates
than was possible during the low light growth condi-
tions. The persistent photoinhibition in such transferred
shade leaves may be related to a carbon export capacity
that cannot be increased to the level of that typically
found in a high light acclimated leaf. For instance, vein
density of Monstera deliciosa leaves was significantly
different between those grown in low light (2.8 ± 0.3)
versus those grown in a sunlight-exposed glasshouse
(4.9 ± 0.5), and vein density cannot be increased in
fully expanded leaves (not shown). Upon transfer from
low to high light, growth rates will increase in response
to the appropriate signals in the elevated light environ-
ment, new leaves will be produced with higher rates of
photosynthesis, and carbon supply is unlikely to be a
limiting factor.
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Fig. 7. Predawn determinations of photosystem II efficiency
(A) and total non-structural carbohydrates (B) in low-light
grown (10 μmol photons m−2 s−1) leaves of Monstera de-
liciosa determined prior to (0 day) and daily upon transfer
to high light (700 μmol photons m−2 s−1 for 10 h per day).
Starch represented the greatest fraction of carbohydrates. Er-
ror bars represent standard deviations. Unpublished data of B
Demmig-Adams, BA Logan, TR Rosenstiel, V Ebbert and WW
Adams.

V. An Integrated View of Photoprotection

Zeaxanthin-dependent thermal energy dissipation thus
spans many scales, providing photoprotection under the
most benign conditions (e.g. understory of a rainfor-
est; Logan et al., 1997) to the most severe that plants
experience. This photoprotective process is modulated
through several means to provide the level of thermal
dissipation required 1) for flexible engagement and dis-
engagement whenever the level of excess absorbed ex-
citation energy varies rapidly (e.g. Figs. 1A and 2A–D)
or 2) when photoprotection must be engaged in a sus-
tained manner under long-term photoinhibitory con-
ditions (e.g. Figs. 1B and 2M–P). The latter appears
to occur readily in evergreen species during winter
stress (e.g. Adams et al., 2001a, 2002, 2004; Öquist and
Huner, 2003; Demmig-Adams et al., this volume) and
upon exposure of shade-acclimated plants to high light

(e.g. Demmig-Adams et al., 1998, this volume). For
both of these scenarios, the capacity for detoxification
of reactive oxygen species and other radicals is likely
to be limited due to either low levels of antioxidants
(shade-acclimated leaves) or an inhibition of the ac-
tivity of enzymatic antioxidants by the low temper-
atures. On the other hand, under conditions of lim-
iting nutrients (Verhoeven et al., 1997; Logan et al.,
1999; Morales et al., this volume), and low water
availability and/or high temperatures (Barker et al.,
2002), photosynthesis can be downregulated, and zea-
xanthin retained nocturnally, but without being main-
tained in an engaged state primed for thermal energy
dissipation. Instead, the retained zeaxanthin remains
poised for engagement (presumably upon protonation
of the PsbS protein) and can thus respond more rapidly
than if violaxanthin had to first be enzymatically con-
verted to zeaxanthin, yet the system maintains complete
flexibility in terms of engagement and disengagement.
These three possible scenarios are depicted schemati-
cally in the context of whole plant source sink relation-
ships in Figure 8.

Downregulation (or repression) of photosynthesis is
a well-characterized response to conditions in which
the supply of carbohydrates by source leaves exceeds
the export and utilization of those sugars (Krapp and
Stitt, 1995; Koch, 1996; Paul and Foyer, 2001). No one
has ever suggested that rubisco or any of the other en-
zymes involved in the fixation and reduction of CO2

to sugars are damaged when their levels decrease un-
der sink-limiting conditions. In addition, some com-
ponents of photosynthetic electron transport and ATP
synthesis are downregulated in response to sugar re-
pression or sink-limiting conditions (Krapp and Stitt,
1995; Dijkwel et al., 1996). Furthermore, levels of
the D1 protein decrease dramatically under low light
when spinach leaves are fed glucose (Kilb et al., 1996).
It seems only logical that, in a situation where car-
bohydrates are in abundance and the biochemistry of
photosynthesis is downregulated, primary photochem-
istry and photosynthetic electron transport should also
be downregulated to reduce the likelihood of elec-
trons being passed on to oxygen to form toxic super-
oxide (Fig. 5). This downregulation should be most
easily achieved through the D1 protein that is turned
over more rapidly than any other protein in the thy-
lakoid membranes (Mattoo et al., 1984; Edelman and
Mattoo, this volume). Is this one of the functions of
light-mediated D1 turnover?

Some have been puzzled by the fact that a trans-
genically altered tobacco line with reduced levels
of the cytochrome b6 f complex (and thus impaired
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Fig. 8. Schematic depiction of photosynthetic upregulation versus downregulation and the engagement of flexible versus sustained
zeaxanthin-dependent energy dissipation to effect photoprotection under different environmental conditions. Z surrounded by lines
represents its engagement in energy dissipation. Under favorable conditions, growth and utilization of the products of photosynthesis
is maximal (large sinks for carbohydrates), photosynthesis is upregulated or maintained at a high level for maximal utilization of
the absorbed energy, and violaxanthin is converted to zeaxanthin and zeaxanthin and is engaged in energy dissipation as needed
to siphon off excess absorbed excitation energy that is released harmlessly as heat. Under the less favorable conditions of reduced
water availability, limiting nutrients, or high temperatures, growth is reduced (smaller sinks for carbohydrates), photosynthesis is
often downregulated, and zeaxanthin may be retained nocturnally and engaged as required in energy dissipation only when absorbed
excitation energy exceeds that which can be utilized by photosynthesis. In evergreen species that experience winter conditions or
that are acclimated to low light and then suddenly exposed to high light, growth and utilization of carbohydrates is low (small sinks),
photosynthesis is downregulated, and large amounts of zeaxanthin are retained in a state engaged for energy dissipation.

electron transport) experienced less photoinhibition
(based upon decreases in PS II efficiency) compared
to the wild type (Hurry et al., 1996; Yokthongwattana
and Melis, this volume). If sustained decreases in PS II
efficiency are interpreted to reflect sustained engage-
ment of zeaxanthin in photoprotective energy dissipa-
tion, then such findings are entirely predictable. Any
impairment in electron transport should be expected to
limit the conversion of violaxanthin to zeaxanthin and
the latter’s engagement in energy dissipation due to an
inability to acidify the thylakoid lumen to the same
extent as the wild type tobacco.

What about photoprotection and photoinhibition in
cyanobacteria and algae that do not export carbon to
distant sinks? All algae employ xanthophylls in photo-
protective energy dissipation, e.g. either zeaxanthin as
part of the xanthophyll cycle in green, brown, and some
red algae (Demmig-Adams et al., 1990; Uhrmacher
et al., 1995; Gevaert et al., 2003; Ursi et al., 2003),
diatoxanthin in diatoms and dinoflagellates as part of
the diadinoxanthin-diatoxanthin cycle (Evens et al.,
2001; Lavaud et al., 2004), or zeaxanthin that accu-

mulates constitutively under high light in cyanobacte-
ria and some red algae (Demmig-Adams et al., 1990;
Cunningham et al., 1989). It has been suggested that
zeaxanthin protects photodamaged PS II centers of al-
gae exposed to photoinhibitory conditions (Jin et al.,
2003). Is it not also possible that PS II centers are inacti-
vated and/or disassembled under high light in response
to signals exchanged among algae/bacteria when their
densities are high and thus resources for growth and
division are potentially limited? It is well known that
bacteria decrease their rate of growth in response to sig-
nals from neighbors in close proximity, and it has now
been established that both cyanobacteria and green al-
gae produce signaling compounds that bacteria respond
to in such quorum sensing (Braun and Bachofen, 2004;
Teplitski et al., 2004). Whenever light is in excess, there
are two possible responses at either end of a spectrum
of potential adjustments: upregulate photosynthesis to
utilize the additional light energy, or downregulate pho-
tosynthesis to minimize the possibility of forming reac-
tive oxygen species (Figs. 1, 5, and 8; Demmig-Adams
and Adams, 2003; Adams et al., 2004).
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Photoprotection of photosynthesis over different
time scales and in response to many different envi-
ronmental conditions thus involves finely tuned adjust-
ments in the capacity to utilize the absorbed excita-
tion energy through photosynthetic electron transport
and modulation of zeaxanthin-dependent energy dissi-
pation. The adjustments vary from the highly flexible
regulation of the xanthophyll cycle enzymes and PsbS
protein protonation to the retention of zeaxanthin and
its sustained configuration in a dissipative state under
more severe stress. Although each of these has been
categorized as being distinct from one another based
upon the kinetics of engagement (qE or energy depen-
dent quenching for that which is flexible versus qI or
inhibitory quenching for that which is sustained), they
truly represent extremes of a continuum of zeaxanthin-
dependent photoprotection that is critical to the mainte-
nance of the photosynthetic apparatus under conditions
of excess light.
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Summary

Some of the more frequent abiotic stresses in plants are limited availability of nutrients and water, as well as
salinity. All these situations occur both in natural habitats and in crops. Stressed plants often experience decreases
in photosynthetic rates, whereas they still harvest sunlight. Environmental stresses such as those may decrease the
efficiency with which solar energy is harvested and used by plants in photosynthetic reactions. This feature is what
the scientific community has often called photoinhibition. Some researchers tacitly assume that photoinhibition
may result from photodamage, whereas others believe that it is more the integration of a series of regulatory and
protective adjustments. The aim of this review is to summarize the current knowledge concerning photoinhibition-
and photoprotection-related processes under nutrient deficiencies, drought, and salinity stress, and to discuss the
role that photoinhibition could play under such environmental stresses.
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I. Introduction

The terminology concerning photoinhibition in plants
is still a matter of debate and cause of misunder-
standings (Adams et al., Demmig-Adams et al., this
volume). For instance, in environmental and agro-
nomic forums it is still very common to translate
and understand any reference to photoinhibition as a
damage-type occurrence, with little or no consider-
ation to the possible photoprotective sides of those
processes.

The aim of the present paper is to summarize the cur-
rent knowledge on photoinhibition and photoprotection
occurring under the most common nutrition-related
abiotic stresses in plants. This includes deficiencies of
Fe, N, and other elements, and also drought and elevated
salinity. We have considered as photoinhibition-related
those situations where one or several of the following
observations have been made: i) a decrease in quantum
yield of photosynthesis, ii) decreases in Fv/Fm ratios af-
ter dark adaptation, iii) changes in D1 protein amount
or turnover rate, and iv) a permanent “lock-in” of the
xanthophyll cycle pigments in the de-epoxidized state.
We have considered as photoprotection-related obser-
vations those reporting non-permanent changes in xan-
thophyll cycle-mediated thermal dissipation, elicita-
tion of antioxidative systems, and decreases in leaf Chl
concentrations. In this latter case, however, it should
be taken into account that the role of smaller antenna
size in photoprotection seems to be small (Baroli et al.,
2003).

II. Iron (Fe) Deficiency

Iron is part of many plant components, and therefore is
required for plant growth. Iron is abundant in the earth’s
crust, but under oxygenic conditions and at the pH
values prevailing in many environments, the existing

Abbreviations: A – antheraxanthin; Ca – external CO2 concen-
tration; Chl – chlorophyll; Ci – substomatal CO2 concentration;
D – fraction of light absorbed by PS II that is dissipated ther-
mally in the antenna; ETR – electron transport rate; NPQ – non-
photochemical quenching; P – fraction of light absorbed by PS
II that is used in photochemistry; Pc – fraction of P that Rubisco
uses for RuBP carboxylation; Po – fraction of P that Rubisco
uses for RuBP oxygenation; PPFD – photosynthetic photon flux
density; PS I – Photosystem I; PS II – photosystem II; Rubisco –
ribulose-1,5-bisphosphate carboxylase oxygenase; RuBP – ribu-
lose bisphosphate; V – violaxanthin; X – fraction of light ab-
sorbed by PS II that is neither used in photochemistry nor dissi-
pated thermally in the antenna; Z – zeaxanthin.

Fe(III) equilibrium concentrations are far lower than
those required for plant growth (Marschner, 1995). As
a consequence, Fe deficiency is a common abiotic stress
that affects many photosynthetic organisms (Terry and
J. Abadı́a, 1986; Geider and La Roche, 1994; Straus,
1994). Species affected range from sea phytoplankton
(Behrenfeld et al., 1996) to high value crops in arid
and semiarid environments (Mortvedt, 1991). Iron de-
ficiency is a potential problem in Calcisol soils, that
cover approximately 800 million ha worldwide (FAO,
1988). Since the most visual effect of Fe deficiency in
plants is the yellowing of young leaves, Fe deficiency
is usually named Fe chlorosis (from the Greek word
“chloros”, yellow-green). Iron chlorosis is one of the
yield limiting factors for some crops. A good example
is fruit tree crops in Mediterranean environments, since
growers not using Fe fertilization face major fruit yield
and quality losses (Álvarez-Fernández et al., 2003)
and also marked reductions in orchard longevity (Sanz
et al., 1992).

A. Effects of Fe Deficiency on
Photosynthesis

Approximately 80% of the plant Fe is located in the
chloroplast, where it is a constituent of a number
of photosynthetic machinery components, including
cytochromes, Fe-S centers, and others (Terry and J.
Abadı́a, 1986). When Fe is in low supply, the amount of
photosynthetic membranes per chloroplast decreases.
This is accompanied by decreases in all membrane
components, including electron carriers of the photo-
synthetic electron transport chain (Terry and J. Abadı́a,
1986 and references therein) and the thylakoid pig-
ments Chls and carotenoids (Morales et al., 1990, 1994;
J. Abadı́a and A. Abadı́a, 1993). Because of these
changes, thylakoids from Fe-deficient plants show char-
acteristics of a “diluted” photosynthetic membrane
(Terry and J. Abadı́a, 1986). Iron deficiency also de-
creases RuBP carboxylation capacity, both through re-
duced Rubisco enzyme activation (Taylor and Terry,
1986) and down-regulation of gene expression (Winder
and Nishio, 1995). The Fe deficiency-mediated de-
creases in light harvesting, electron transport, and car-
bon fixation capacities seem to be well coordinated
(Winder and Nishio, 1995).

As a consequence of all these changes, Fe deficient
leaves have low photosynthetic rates and can dissipate
in this way a limited amount of energy. The decreases
in leaf pigment concentrations occurring with Fe defi-
ciency may provide some protection through decreases
in light harvesting capacity (see below). Pigment
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decreases, however, may also involve some dangers,
since these pigments have a general protective func-
tion, acting as “sunglasses” for the abaxial leaf cell
layers (Nishio, 2000). In fact, the number of blue and
red photons absorbed per Chl increases with Fe defi-
ciency, because decreases in absorptance at these wave-
lengths are less marked than those found for photosyn-
thetic pigments (Morales et al., 1991; J. Abadı́a et al.,
1999b). Therefore, Fe-deficient photosynthetic organ-
isms are prone to be exposed to an excessive photosyn-
thetic photon flux density (PPFD).

B. Fe Deficiency and Photoinhibition

Some reports indicate that severe Fe deficiency could
induce PS II photoinhibition in photosynthetic or-
ganisms. For instance, the abundance of the reaction
center polypeptide D1 was reduced in an Fe-limited
diatom (Geider et al., 1993) and in Dunaliella
tertiolecta (Vassiliev et al., 1995). Also, in isolated thy-
lakoids of severely Fe-deficient peach, grapevine, and
tomato, decreases in the abundance of D1 and other
PS II polypeptides have been found (Nedunchezhian
et al., 1997; Bertamini et al., 2002; Ferraro et al., 2003).
The turnover of D1 was also increased in Fe-deficient
maize (Jiang et al., 2001). These studies, however, were
carried out with SDS-PAGE of isolated thylakoids,
which may not be fully representative of the whole
leaf cell population (Quı́lez et al., 1992). Recent stud-
ies on Cu excess, which causes a Cu-induced Fe defi-
ciency, indicate that Fe-deficient, low-Chl plants could
be photoinhibited faster than the controls in the pres-
ence of lincomycin (Patsikka et al., 2002). In isolated
thylakoids from the same plants, however, susceptibil-
ity to photoinhibition was not affected (Patsikka et al.,
2002). This suggests that Fe deficiency increases the
susceptibility of PS II towards photoinhibition mainly
through the decrease in leaf Chl. This is likely related
to the increases in the amount of photons absorbed per
Chl, which is markedly higher in Fe-deficient leaves.

Moderately Fe-deficient leaves have no signs of sig-
nificant photoinhibitory damage, as judged by both Chl
fluorescence and gas exchange parameters. Evidence
for the maintenance of a good maximum PS II energy
conversion efficiency comes from measurements of the
Fv/Fm ratio after dark adaptation, both in controlled
environments (Morales et al., 2001) and in the field
(Morales et al., 2000a). Also, high quantum yields of
CO2 fixation (Terry, 1980) and O2 evolution occur in
moderately Fe-deficient leaves (Morales et al., 1991).
Even when Fe deficiency occurs in fruit trees concomi-
tantly with other stresses such as mild water stress,

high temperatures, low air relative humidity and high
PPFDs, no sustained decreases in Fv/Fm were found
(Morales et al., 2000b). Some data in the literature had
previously suggested that Fe deficiency could cause
general decreases in maximum potential PS II effi-
ciency. For instance, markedly low Fv/Fm ratios were re-
ported in Fe-deficient cyanobacteria (Guikema, 1985),
sugar beet (Morales et al., 1991), and eukaryotic ma-
rine algae (Greene et al., 1992; Falkowski et al., 1995).
These values, however, were likely due to inaccurately
high Fo values, caused by the reduction of the plasto-
quinone pool occurring in Fe-deficient organisms dur-
ing dark adaptation, which is only prevented by FR pre-
illumination (Belkhodja et al., 1998). No detailed study
has been carried out so far on the effects of different lev-
els of Fe deficiency on specific photoinhibition-related
sites as a consequence of excessive PPFD levels.

In Fe-deficient leaves of pear trees grown at high
PPFDs in the field, a significant part of the zeaxanthin
pool is maintained (“locked in”) overnight (Morales
et al., 1994, 2000a). Similar data have been reported
in Yucca species experiencing high temperature and
drought stress (Barker et al., 2002). This might suggest
that Fe-deficient plants may experience processes that
could be considered as photoinhibitory. In these cases,
however, dark-adapted Fv/Fm ratios still remained high
(Morales et al., 2000a).

C. Fe Deficiency and Photoprotection

Iron-deficient leaves are first protected to some extent
against excess PPFD by decreases in light absorptance,
associated with the decreases in the concentrations
of the photosynthetic pigments Chls and carotenoids
(Terry, 1980; Morales et al., 1991; Masoni et al.,
1996; J. Abadı́a et al., 1999). Also, Fe-deficient leaves
show increases in light reflectance and transmittance
(Masoni et al., 1996; J. Abadı́a et al., 1999). Iron de-
ficiency decreases absorptance from control values of
80% (of the incident PPFD) to approximately 20, 40,
and 60% in Fe-deficient leaves of sugar beet, pear, and
peach, respectively (Morales et al., 1991; J. Abadı́a
et al., 1999). Therefore, 40–80% of the incident PPFD
is simply not absorbed by the low-Chl leaves. The ori-
gin of leaf reflectance increases with Fe deficiency is
not known, but it may be related to changes both in
cuticle composition and in leaf optical properties.

Evidence for a different mechanism of photopro-
tection has arisen from studies with very severe Fe-
deficient leaves. These leaves show sustained decreases
in dark-adapted Fv/Fm ratios, which cannot be relieved
by FR pre-illumination. This finding has been recently
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attributed to the presence of a constant PS II emis-
sion, with a lifetime of approximately 3.3 ns, which
would account for approximately 15% of the total flu-
orescence (Morales et al., 2001). When Fv/Fm values
were corrected to eliminate such emission, the mea-
sured Fv/Fm values of 0.66 become very similar to those
of the controls, in the range 0.73–0.83. Only in some
leaves Fv/Fm are still lower than the controls, possi-
bly due to the presence of some closed PS II reaction
centers in dark-adapted Fe-deficient leaves (Belkhodja
et al., 1998). It has been hypothesized that the constant
PS II fluorescence emission in severely Fe-deficient
sugar beet leaves would come from internal PS II an-
tenna complexes fully disconnected from the PS II re-
action center (Morales et al., 2001). The possible rela-
tionship of this mechanism with the altered emission
characteristics of a “cold hard band” (CHB) reported
in overwintering evergreens and with Gilmore’s model
of disconnected PS II cores (Gilmore et al., 2003) is
under investigation.

Cyanobacteria grown under Fe deficiency have a
supercomplex consisting of a trimeric PS I reaction
center encircled by a ring of 18 copies of the Chl a-
binding, light harvesting complex protein CP43’, en-
coded by the isiA gene (Bibby et al., 2001a; Boekema
et al., 2001). The CP43’ ring increases PS I antenna
size by at least 70% (Bibby et al., 2001b) and PS
I absorption cross-section by approximately 2-fold
(Andrizhiyevskaya et al., 2002), serving as an efficient
antenna for PS I (Melkozernov et al., 2003). In addi-
tion to its functions in Chl a storage and energy absorp-
tion, CP43’ has been implicated in protection against
excessive light, through non-radiative energy dissipa-
tion (Park et al., 1999; Sandstrom et al., 2001, 2002).
Also, isiA has been identified as a salt-regulated gene
in cyanobacteria (Vinnemeier et al., 1998; Vinnemeier
and Hagemann, 1999). The presence of CP43’ seems to
be exclusive to cyanobacteria that, unlike green algae
and higher plants, do not contain Chl b. However, it has
recently been reported that Chl b is able to bind to the
CP43’ protein (Duncan et al., 2003), suggesting that
isiA could exist in organisms other than cyanobacteria.
However, the isiA gene products have not been detected
in Fe-deficient marine algae (Marquardt et al., 1999)
and there is no evidence of their presence in higher
plants. In Chlamydomonas, the PS I reaction centers
seem to be protected from excess PPFD by a discon-
nection of the LHCI antenna (Moseley et al., 2002).

A new modulated Chl fluorescence approach to
assess the relative importance of different photo-
protective mechanisms was proposed by Demmig-
Adams et al. (1996a). This technique can be used to

allocate the energy absorbed by PS II in three differ-
ent fractions; i.e. a fraction that is dissipated thermally
by the antenna (D), a fraction used in photochemistry
(P), and a third fraction not used in photochemistry
nor dissipated by the PS II antenna (X). The fraction
of the absorbed PPFD used in photochemistry would
include electrons used in RuBP carboxylation and oxy-
genation, Mehler reaction, chloro-respiration, and any
other electron-consuming processes. The size of the
X fraction (which could be slightly overestimated by
this method, see Schreiber et al., 1994 and Verhoeven
et al., 1997) would probably determine the rate of PS II
photo-inactivation (Kato et al., 2002). The mechanisms
underlying X are so far not understood, although they
may include potentially deleterious mechanisms, such
as the formation of triplet Chl excited state (Demmig-
Adams et al., 1996b), that may lead to singlet oxygen
formation (Demmig-Adams et al., 1996a; Foyer et al.,
this volume) and in turn to PS II damage by photo-
oxidative and degradation processes.

Using this approach it can be concluded that in Fe-
deficient plants a large part of the energy absorbed
by PS II is dissipated thermally by the PS II an-
tenna. This occurs both at low PPFDs and in plants
grown at high PPFDs in the field (Fig. 1). With se-
vere Fe deficiency, D may reach up to 75–80% of the
light absorbed by PS II at midday (Fig. 1). Similar D
values may also occur even early in the morning, if
a mild water stress is present (Morales et al., 2000b).
In Fe-sufficient controls, D only accounts for approx-
imately 25 and 54–57% under low- and high-PPFD,
respectively (Fig. 1). The Fe deficiency-mediated rel-
ative increases in D have been related to the increases
in the Z + A to Chl molar ratio and to the extent of
de-epoxidation of V into A + Z, which occur in daily
cycles in Fe-deficient plants (Morales et al., 1990, 1994,
1998, 2000a). At low PPFDs, photochemistry (P) ac-
counts for 66, 34, and 21% of the light absorbed by PS II
in control, moderate, and severely Fe-deficient leaves,
respectively (Fig. 1). Under full sunlight field condi-
tions, P decreases from 29–38% in control leaves to 16–
19 and 10% under moderate and severe Fe deficiency,
respectively (Fig. 1). Both in Fe-deficient and control
leaves, a significant amount of light (X; accounting for
4–14% of the PPFD absorbed by PS II) is predicted to
be neither dissipated thermally nor used in photochem-
istry. The xanthophyll cycle-related thermal dissipation
found in leaves of Fe-deficient sugar beet grown at low
PPFDs is not “locked-in” overnight (Morales et al.,
1990, 1998), indicating that it constitutes a photopro-
tective mechanism. In pear grown in the field at high
PPFDs, xanthophyll cycle-related thermal dissipation



Chapter 6 Nutrients, Drought, Salinity 69

D
P

X

+Fe

Moderate

-Fe

Severe

-Fe

Sugar beet (9% of full sunlight) Pear (90% of full sunlight) Peach
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Fig. 1. Fractions of the total light absorbed by PS II that are thermally dissipated within the PS II antenna (D), used in photochemistry
(P), and not used in photochemistry nor thermally dissipated within the PS II antenna (X) in Fe-sufficient (+Fe), moderate, and
severe Fe-deficient sugar beet (grown in growth chamber at 9% full sunlight), pear, and peach (grown in field conditions; data are for
90% of full sunlight) leaves. Total pie areas are proportional to the leaf absorptance. The allocation of energy to D, P, and X follows
the methodology proposed by Demmig-Adams et al. (1996a).

is not maintained overnight in moderately Fe-deficient
leaves, but appears to be “locked in” in severely defi-
cient leaves (Morales et al., 1994; 2000a).

In spite of the excess PPFD experienced by Fe-
deficient leaves, the extent of oxidative damage seems
very limited. For instance, Fe-deficient pea leaves did
not show accumulation of oxidatively-damaged lipids
and proteins (Iturbe-Ormaetxe et al., 1995). Of course,
the concentrations of some anti-oxidative elements
containing Fe, including Fe-SOD (Kurepa et al., 1997)
and ascorbate peroxidase (Tobı́as, 1999; Ranieri et al.,
2001) are reduced in Fe-deficient plants. The decrease
in some of these elements is compensated by increases
in alternative enzymes, such as Mn- and Cu/Zn-SODs,
that may take on the role of Fe-SOD (Tobı́as, 1999).
Iron-deficient leaves could be protected against reac-
tive oxygen species by relatively high concentrations
of antioxidant molecules, such as ascorbate and glu-
tathione (Iturbe-Ormaetxe et al., 1995; Tobı́as, 1999).
The possible photoprotective role of zeaxanthin as
an antioxidant (Havaux and Niyogi, 1999; Baroli et al.,
2003; Müller-Moulé et al., 2003) or as a reactive oxy-
gen species signaling modulating substance (Demmig-
Adams and Adams, 2002) has not been investigated

in Fe-deficient leaves. The ratio of protective enzymes
and antioxidants to Chl could become very large in
Fe-deficient plants (Tobı́as, 1999). Also, the ratios
carotenoids/Chl increase markedly, and these pigments
can directly de-excite triplet Chl (Foyer et al., 1994).
All these data suggest that Fe-deficient leaves are well
protected against oxidative damage, and contribute
to explain the observation that chlorotic leaves of
Fe-deficient trees can remain stable in the field for
a few months. Most of these leaves appear other-
wise healthy, and only extremely deficient leaves show
necrotic spots.

III. Nitrogen (N) Deficiency

Nitrogen is a constituent of many plant cell compo-
nents, such as amino acids, nucleoside bases, chloro-
phylls, and others (Marschner, 1995). Therefore, plant
growth requires a continuous supply of N. Only
some species can benefit from symbiotic fixation of
atmospheric N, and most of them depend on the avail-
ability of N in the soil, which is not sufficient in
many environments, and therefore limits plant growth.
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This occurs both in plants in nature and also in most
crop plants, where fertilization with N-containing com-
pounds is carried out worldwide.

A. Effects of N Deficiency
on Photosynthesis

The restricted development of N-deficient plants has
usually been ascribed to lower rates of leaf expansion,
rather than to declines in photosynthesis per unit of
leaf area (Sage and Pearcy, 1987a). Nitrogen shortage,
however, does result in a marked decrease in plant pho-
tosynthesis. This is to be expected, because more than
half of the total leaf N is allocated to the photosyn-
thetic apparatus (Makino and Osmond, 1991). Photo-
synthetic capacity and total amount of leaf N per unit
leaf area are often correlated (Field and Mooney, 1986;
Sage and Pearcy, 1987b; Walcroft et al., 1997). Thy-
lakoid membrane properties, however, are not modi-
fied by N deficiency in spinach, whereas the amount
of thylakoids and thylakoid protein per chloroplast are
decreased (Evans and Terashima, 1987; Terashima and
Evans, 1988). As it occurs in other stresses, changes in
different components are coordinated, and both Chl and
Rubisco concentrations per unit leaf area decrease with
N deficiency. The effects of N deficiency on Rubisco,
however, are often larger than those on Chl (Ferrar and
Osmond, 1986; Evans and Terashima, 1987; Seemann
et al., 1987), and part of the decrease in photosynthetic
capacity occurring with N deficiency can therefore be
ascribed to the diminished amounts of Calvin cycle en-
zymes (Terashima and Evans, 1988; Sugiharto et al.,
1990). Also, there is nowadays clear evidence that N
deficiency induces sink limitation within the whole
plant, due to decreased growth (Paul and Driscoll,
1997; Logan et al., 1999; Paul and Foyer, 2001).
This leads, in turn, to feedback down-regulation of
photosynthesis.

Since N-deficient plants have decreases in photosyn-
thetic rates, when they are exposed to high PPFDs, such
as those found in the Mediterranean area in summer at
midday (2200μmol photons m−2 s−1), they are prone to
experience photoinhibition. The effects of N deficiency
are generally more marked at high than at low PPFDs
(Seemann et al., 1987; Terashima and Evans, 1988).

B. Nitrogen Deficiency and Photoinhibition

Plants growing under N limitation exhibit decreases
not only in photosynthetic capacity, but also in leaf
Chl concentrations and in the quantum yield of photo-
synthesis (Terashima and Evans, 1988; Khamis et al.,

1990; Verhoeven et al., 1997; Lu and Zhang, 2000;
Chen et al., 2001; Demmig-Adams and Adams, 2003).
These features are found in sun-exposed, fast-growing
leaves but not in shaded ones (Terashima and Evans,
1988; J. He et al., 2000), suggesting that photodam-
age may occur. Alternatively, this observation may
reflect a differential N deficiency-mediated feedback
down-regulation of photosynthesis in sun and shade
leaves.

The susceptibility to photoinhibition is larger in
plants grown with low N than in those grown with
high N (Balachandran and Osmond, 1994; Skillman
and Osmond, 1998; Bungard et al., 2000; Grassi et al.,
2001). Also, when transferred from low to high PPFDs,
plants grown under N limitation are more suscepti-
ble to photoinhibition, and furthermore the recovery
is slower than in N-sufficient controls (Ferrar and Os-
mond, 1986; Khamis et al., 1990; Henley et al., 1991).
Seedlings fertilized with N also show faster recov-
ery rates from photoinhibition than the unfertilized
ones (Close et al., 2003). Photoinhibition was also en-
hanced in N-deficient, field-grown rice, when incident
PPFD was increased by altering the leaf angle (Chen
et al., 2003). In N-limited phytoplankton, a decreased
midday PS II efficiency was found to be associated
with photoinduced damage of D1 (Bergmann et al.,
2002). In the diatom Phaeodactylum tricornutum and
in the cyanobacterium Prochlorococcus marinus, N de-
ficiency decreased the abundance of D1 (Geider et al.,
1993; Steglich et al., 2001). These D1 changes do not
necessarily indicate damage of PS II reaction centers.
Levels of D1 can also decrease as a regulatory adjust-
ment, when there are more products of photosynthesis
than those required (i.e., a feedback down-regulation
of D1 levels). Even at low PPFD, D1 levels decrease
in response to increased levels of sugars (Kilb et al.,
1996). A decrease in D1 would decrease the likelihood
of superoxide production (Iglesias et al., 2002; Adams
et al., 2004).

No sustained photoinhibition occurs under N defi-
ciency in spinach, as judged by the high Fv/Fm ratios
after dark adaptation (Verhoeven et al., 1997). Also,
Bungard et al. (1997) and Lu and Zhang (2000) re-
ported values ranging from 0.83–0.80 to 0.77 in con-
trol and N-deficient Clematis vitalba and maize plants,
respectively, the lowest values corresponding to plants
growing at the highest PPFDs. These slightly low Fv/Fm

ratios at predawn are likely related to the measurable
overnight retention (“lock-in”) of Z + A and sustained
NPQ occurring in N-deficient leaves (Verhoeven et al.,
1997). Nitrogen availability, however, did not change
D1 turnover rates in leaves of Chenopodium album
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Fig. 2. Fractions of the total light absorbed by PS II that are thermally dissipated within the PS II antenna (D), used in photochemistry
(P), and not used in photochemistry nor thermally dissipated within the PS II antenna (X) in leaves of spinach grown in growth
chambers with high or low N and at 40% of full sunlight (measurements at actual PPFD, 900 μmol photons m−2 s−1) and 23% of full
sunlight (measurements at 1000 or 2000 μmol photons m−2 s−1). Pie areas are proportional to the leaf absorptance (considering that
Chl decreases affect light absorption only in the low-N plants grown at 40% of full sunlight; see Morales et al., 1991 and Verhoeven
et al., 1997). The allocation of energy to D, P, and X follows the methodology proposed by Demmig-Adams et al. (1996a). Data were
re-calculated from Verhoeven et al. (1997).

(Kato et al., 2002), and the amounts of D1 were similar
in N-replete and N-starved Anacystis nidulans (Biswal
et al., 1994). It seems therefore that the potential occur-
rence of photoinhibition in response to N deficiency,
with net loss of D1 protein, will depend much on
species and on the previous acclimation of the organ-
ism to high PPFDs, which may confer a better capacity
for D1 renewal (Long et al., 1994).

C. Nitrogen Deficiency and Photoprotection

In N-deficient spinach some photoprotection occurs
through a decrease in light harvesting capacity, asso-
ciated with the decrease in leaf Chl (Fig. 2; Bungard
et al., 1997; Verhoeven et al., 1997; Demmig-Adams
and Adams, 2003). Light absorptance, however, is less
affected than both leaf Chl concentrations and the ca-
pacity of energy utilization in photosynthesis. This re-
sults in increases in the number of photons absorbed by
each Chl molecule, and also in an excess of absorbed
PPFD over the amount that can be used in photosyn-
thesis (Verhoeven et al., 1997).

A rapidly reversible, xanthophyll cycle-dependent,
thermal energy dissipation within the Chl pigment bed
occurs in N-deficient leaves (Verhoeven et al., 1997;
Chen et al., 2003; Demmig-Adams and Adams, 2003).
In N-deficient spinach leaves, thermal dissipation may
account for 64–73% of the light absorbed by the PS II
antenna, whereas in controls it is in the range 36-59%
(Fig. 2; Verhoeven et al., 1997). In apple leaves with
low N, thermal dissipation accounts for 35 and 60% of
the absorbed light at limiting and saturating light, re-
spectively, whereas those with high N dissipate 25 and
40%, respectively (data re-calculated from Chen et al.,
2001). Similar increases in thermal energy dissipation
with N deficiency have been found in maize growing
at low PPFDs (Lu and Zhang, 2000).

The fraction of light absorbed in PS II and used in
photochemistry (P) decreases with N deficiency (Fig. 2;
Verhoeven et al., 1997). In spinach grown at 40% of full
sunlight, P accounted for 53 and 23% of the absorbed
light in control and N-deficient leaves, respectively.
When grown at lower PPFDs (23% of full sunlight)
and measured at higher PPFDs (90% of full sunlight)
differences increase, and P accounted for 26 and 9% in
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control and N-deficient leaves, respectively. The parti-
tioning of electron flow between CO2 assimilation and
photorespiration was not affected by N deficiency in ap-
ple leaves (Chen et al., 2001). Also, the Ci/Ca ratios ei-
ther increase or did not change under N limitation (Sage
and Pearcy, 1987b; see also Le Roux et al., 2001). The
absorbed light not thermally dissipated and not used
in photochemistry (X) in spinach and maize would be
approximately 10–15 and 13-19% in high- and low-
N leaves, respectively (re-calculated from Verhoeven
et al., 1997 and Lu and Zhang, 2000).

Antioxidative plant systems are activated in N-
deficient leaves. Both increases in Cu-ZnSOD activity
and decreases of ascorbate peroxidase and glutathione
reductase activities have been reported in response to
an enhanced formation rate of superoxide radical in N-
deficient coffee plants (Ramalho et al., 1998). The fatty
acid composition of the chloroplastic membranes of
these plants was also modified by N-deficiency, which
may have made them less susceptible to peroxida-
tion and better protected against photo-oxidative stress
(Ramalho et al., 1998). Strong, long-term N-limitation
in spinach caused decreases in the concentrations of
Chl, carotenoid pools, ascorbate peroxidase, and glu-
tathione reductase when data were expressed on a leaf
area or dry weight basis (Logan et al., 1999). When
the same data were expressed on a Chl basis, however,
leaf concentrations of all these components were sim-
ilar in N-deficient and N-replete plants (Logan et al.,
1999). Furthermore, on a total protein basis the an-
tioxidant enzyme activities were higher in N-limited
plants (Logan et al., 1999). Nitrogen-deficient, low-Chl
leaves also have increases in the carotenoid to Chl molar
ratios (Khamis et al., 1990; Verhoeven et al., 1997),
which may help to prevent singlet oxygen formation
within the photosynthetic apparatus.

IV. Other Nutrient Deficiencies

Decreases in photosynthetic rates with K and phospho-
rus deficiencies have been reported for several species
(Egilla and Davies, 1995; Bednarz and Oosterhuis,
1999; Basile et al., 2003). Since the light-dependent
uptake of K into the guard cells is a critical step for
stomatal opening (Schroeder, 2003), it would be likely
that stomatal limitations may arise under K deficiency.
However, there is no experimental evidence to date
showing stomatal limitations in plants affected by K
deficiency. Inorganic P is also required for the biosyn-
thesis of ATP, which is involved in stomatal physiology
(Agbariah and Roth-Bejerano, 1990). Phosphorus

deficiency leads to significant decreases in leaf stom-
atal conductance (Rao and Terry, 1989a) and also
to biochemical changes associated with decreases in
photosynthetic rates (Rao and Terry, 1989b, 1990).
Therefore, phosphorus deficiency limits photosynthe-
sis through both stomatal and non-stomatal processes.

In almond, the development of K deficiency symp-
toms depends on leaf position, since leaves from the
upper part of the canopy develop symptoms, whereas
those of the lower part of the canopy do not (Basile
et al., 2003). This might suggest that the part of the
canopy more exposed to sunlight could be affected by
photoinhibitory damage, although a feedback down-
regulation of photosynthesis similar to that occurring
in N-deficient leaves cannot be excluded. Under phos-
phorus deficiency, Chl leaf concentrations usually in-
crease, whereas photosynthesis saturates at lower PPFD
values than in the phosphorus-sufficient controls (Rao
and Terry, 1989a). Both factors would result in an ex-
cess of energy excitation when phosphorus-deficient
leaves are exposed to relatively high PPFD, leading in
turn to a potential photoinhibition.

There are not enough data to conclude how K- or
phosphorus-deficient plants protect themselves from
the possible energy excesses, although dark respira-
tion and photorespiration are unlikely to contribute to
the protection of PS II. In both cases, dark respiration
rates (Terry and Ulrich, 1973b) and photorespiration
(Terry and Ulrich, 1973a, 1973b; Peoples and Koch,
1979) have been shown to decrease with respect to
the controls. Therefore, further research is required to
elucidate the role that other electron-consuming pro-
cesses may play in photoprotection in these deficien-
cies. So far no studies have tackled the functioning of
the xanthophyll cycle and its associated energy dissipa-
tion in plants affected by K or phosphorus deficiency.

A combined Mg and S deficiency leads initially to
decreases in leaf Chl, without loss of PS II activity but
with increases in D1 turnover (Godde and Dannehl,
1994; Dannehl et al., 1995). After 4–8 weeks of
deficiency, PS II efficiency (estimated with the Fv/Fm

Chl fluorescence ratio) was significantly reduced
and a net loss of D1 was observed (Godde and
Hefer, 1994; Dannehl et al., 1995). When plants were
transferred back to a nutrient medium containing
Mg and S, D1 turnover increased, resynthesis of
PS II centers occurred, and Fv/Fm ratios increased
(Dannehl et al., 1996). These observations do not
necessarily mean that a combined Mg and S deficiency
induces photoinhibitory damage, since the deficiencies
in these essential elements might also lead to de-
creased growth, resulting in feedback down-regulation
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of photosynthesis, which may include a possible
down-regulation of D1 levels (Kilb et al., 1996).

V. Drought

Drought limits the production of agricultural soils in
large areas of the world. Irrigation is possibly the oldest
agricultural management technique aimed to increase
crop yield. Worldwide, approximately 1 billion ha of
cultivated land are irrigated (Toenniessen, 1984). Wa-
ter supply is one of the major economic constraints in
a large part of the developing countries, and drought
has had a dramatic impact on many human commu-
nities in the last several decades. Developed countries
in America and Europe suffer from water shortages
in many of their cultivated areas. Drought is also of
extreme importance in natural habitats, and climatic
change trends could make it even more important in
the future.

A. Effects of Drought on Photosynthesis

Drought markedly decreases net photosynthetic rates
in plants (Dubey, 1997; Medrano et al., 1998; Flexas
and Medrano, 2002, and references therein). Decreases
in photosynthesis with drought are initially due to
stomatal closure, which decreases or prevents water
loss but reduces CO2 availability for the chloroplasts.
When drought progresses, both stomatal closure and
decreases in PS II photochemistry could contribute to
the decreases in photosynthesis (Flexas and Medrano,
2002). Photosynthesis saturates at a lower PPFD in
plants grown under drought than in well-watered con-
trols (Lawlor, 1995). Therefore, when high PPFDs
occur concomitantly with water stress, plants could be
exposed to an excess of excitation energy (Demmig-
Adams and Adams, 1992, 1996), increasing the risk of
photodamage (Powles, 1984). Also, high PPFDs in the
presence of water stress could lead to an accumulation
of sugars and a down-regulation of photosynthesis (see
above).

B. Drought and Photoinhibition

Some reports indicate that in plants suffering water
stress for long periods, excitation pressure on PS II
may lead to photoinhibitory processes. For instance, the
amount of D1 was shown to decrease in water-stressed
wheat (J. He et al., 1995) and spruce seedlings (Eastman
et al., 1997). Leaves from drought-stressed plants

had an enhanced degradation of the light-harvesting
antenna CP43 and the reaction center D1 protein
(Giardi et al., 1996, 1997). Water stress may also in-
crease the susceptibility of PS II to photoinactivation
(Lu and Zhang, 1998).

There is no evidence, however, for major sustained
photodamage in plants suffering water stress, as judged
by the lack of effects of drought on the maximum poten-
tial PS II efficiency, estimated from the dark-adapted
Fv/Fm Chl fluorescence ratio (Epron and Dreyer, 1993;
Faria et al., 1998; Flexas and Medrano, 2002). Pho-
toinhibition seems to occur only when drought is very
severe and stomata are almost completely closed. The
decrease in the predawn Fv/Fm ratios in this case is
still quite limited, since non-irrigated plants have ra-
tios of 0.72–0.78 (Flexas et al., 1998). Organisms such
as the moss Rhizomnium punctatum are also well pro-
tected against water stress, since no D1 degradation oc-
curred during extensive desiccation (Bartoskova et al.,
1999).

C. Drought and Photoprotection

In response to water stress, some species such as bar-
ley, coffee, grapevine, and others maintain high leaf
Chl concentrations, and therefore high light-harvesting
capacities, while having a decreased capacity of utiliza-
tion of solar energy for photosynthesis (Da Matta et al.,
1997; Flexas et al., 2002; Flexas and Medrano, 2002,
and references therein; Bukhow and Carpentier, 2004).
Conversely, other species could prevent the absorption
of an excess of light in the presence of water stress by
decreasing leaf Chl concentrations (Kyparissis et al.,
2000; Munné-Bosch and Alegre, 2000b), thereby di-
minishing the capacity for light harvesting. Recent ev-
idences, however, suggest that changes in light harvest-
ing capacity play only a small role in photoprotection
(Baroli et al., 2003).

The relative contribution of different processes to
total PS II energy dissipation under different drought
conditions has been reviewed recently (Flexas and
Medrano, 2002). These authors have found a general re-
sponse pattern of C3 plants to water stress, relatively in-
dependent of species, environmental conditions during
imposition of drought (temperature, PPFD, etc.), rate
of drought imposition (from days to weeks or months)
and also of any specific acclimation to drought (Flexas
and Medrano, 2002). It has been proposed that such
a general pattern could arise from the low availability
of CO2 in the chloroplasts, which would trigger most
of the drought-mediated changes in dissipation path-
ways (Flexas and Medrano, 2002). In the case of water
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stress, some studies have given simultaneous data sets
of Chl fluorescence and gas exchange, permitting a
discrimination among the major components of P (the
fraction used in photochemistry), photosynthesis, pho-
torespiration, and Mehler reaction, assuming that the
proportion of P allocated to other minor components is
negligible (Valentini et al., 1995; Medrano et al., 2002).
This type of approach cannot be done yet with Fe- and
N-deficiencies, where no such data sets are available.

From the study of Flexas and Medrano (2002), ap-
proximately 54–72% of the absorbed light is dissipated
thermally (D) under well-watered conditions and sat-
urating light, whereas photosynthesis and photorespi-
ration would utilize 12–35% and 6–9% of the PPFD
absorbed by PS II, respectively (Table 1; data from
Flexas and Medrano, 2002). Under mild drought there
would be no change in the extent of D, whereas the con-
tribution of photorespiration would increase somewhat
at the expense of photosynthesis (Table 1). This in-
crease in photorespiration with mild water stress is
probably the most common situation in crops and in
nature. This occurs, for instance, in plants growing in
Mediterranean habitats. Every midday in summer, high
vapor-pressure deficits lead to temporary, mild leaf
water deficits, which occur irrespective of the degree
of soil water availability.

When moderate to severe drought occurs, however,
D increases to reach values as high as 70–92% of
the absorbed PPFD, and the contribution of photo-
synthesis and photorespiration decreases (Table 1),
possibly due to a decreased RuBP availability and/or
decreased Rubisco activity (Lawlor, 1995). Most of
this thermal dissipation is associated with the func-
tioning of the xanthophyll cycle (de-epoxidation of V
into A + Z), whereas dissipation through photoinac-
tivated photosystem units is only a minor proportion
of it (Björkman and Demmig-Adams, 1994; Niyogi,
1999; Flexas and Medrano, 2002). Some species may
retain some A + Z (15–20% of the total V + A +
Z carotenoids) overnight in summer (Björkman and
Demmig-Adams, 1994; Faria et al., 1998; Chaves et al.,
2002; Medrano et al., 2002), but the extent of this

retention does not seem to be changed by water stress
(Chaves et al., 2002). Other species, however, retain
large amounts of A + Z overnight in summer under
drought (Demmig et al., 1988; Barker et al., 2002)
and this retention matches large increases in the rate
constant for energy dissipation (Demmig et al., 1988).
Björkman (1987) also reported drought-mediated in-
creases in energy dissipation.

The contribution of the Mehler reaction to energy
dissipation appears to be very low both under irrigation
and drought (Table 1; data from Flexas and Medrano,
2002). Values as high as 9% of total absorbed PPFD
found previously in severely stressed wheat (Biehler
and Fock, 1996) could have been overestimated due to
methodological reasons (Flexas and Medrano, 2002).
The contributions of other pathways proposed to dis-
sipate excess light under drought, such as PS II and
PS I cyclic electron transport (Canaani and Havaux,
1990; Katona et al., 1992; Fork and Herbert, 1993),
are considered to be minor. Although it is known that
re-assimilation of CO2 evolved from photorespiration
may increase as drought progresses (Haupt-Herting
et al., 2001), estimated rates of dissipation are simi-
lar whether or not re-assimilation is considered (Flexas
and Medrano, 2002).

Water stress may induce oxidative stress, and in
turn trigger anti-oxidative defenses in plants (Smirnoff,
1993; Loggini et al., 1999). For instance, oxidative
stress occurred in rice plants subjected to water deficit.
These plants showed lipid peroxidation, Chl bleach-
ing and losses of small-molecule antioxidants, such as
ascorbate, glutathione, α-tocopherol, and carotenoids
(Boo and Jung, 1999). Drought also enhanced lipid
peroxidation in Salvia officinalis (Munné-Bosch et al.,
2001). Protective mechanisms against oxidative stress,
such as an increased SOD activity and an activated
ascorbate-glutathione cycle (Foyer et al., Mullineaux
et al., this volume), have been found in different
plant species (Castillo, 1996; Boo and Jung, 1999;
Alonso et al., 2001). In species such as Fagus sylvatica,
Rosmarinus officinalis, Melissa officinalis, and
Cistus the α-tocopherol pool increased in response to

Table 1. Fractions of the total light absorbed by PS II that are thermally dissipated within the PS II antenna (D), used in photochemistry,
either in RuBP carboxylation (PC) or oxygenation (PO), in Mehler reaction or other minor electron-consuming processes in well
watered (control) plants and in plants with mild, moderate, or severe drought at saturating light (see Flexas and Medrano, 2002 for
further details).

D PC PO Mehler Other

Control 54–72 12–35 6–9 <1–3 0–3
Mild drought 55–64 5–30 12 <1 0–3
Moderate drought 60–75 10–18 10 3 0–2
Severe drought 70–92 2–10 3–13 1–9 0–6
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drought (Garcı́a-Plazaola and Becerril, 2000; Munné-
Bosch and Alegre, 2000a, 2000b; Munné-Bosch et al.,
2003). Also, drought increased carotenoid as well as
total glutathione and α·tocopherol concentrations in
wheat (Herbinger et al., 2002). The antioxidant roles
of carotenoids and tocopherols may help to avoid irre-
versible damage to the photosynthetic apparatus under
severe drought. The chloroplast small heat-shock pro-
tein has also been shown to play a role in protecting PS
II against oxidative stress and photoinhibition during
water stress (Downs et al., 1999).

VI. Salinity

Salinity affects many plant processes (Hasegawa et al.,
2000) and reduces the productivity of irrigated agricul-
ture worldwide. Salinity-affected areas are estimated
to occupy approximately 1 billion ha (Long and Baker,
1986). Salinity has been a traditional problem in many
agricultural areas, and irrigation with salt-containing
water annually adds millions of tons of salt to culti-
vated soils (Kingsbury et al., 1984). Modern agricul-
ture management practices often worsen the extent of
salinity by remobilizing salts from deep soil layers, pre-
viously undisturbed by rainfall. In saline areas or areas
irrigated with saline waters, most crop plant species
exhibit marked reductions in yield.

A. Effects of Salinity on Photosynthesis

Salinity reduces plant photosynthesis (Long and Baker,
1986). The diminished productivity observed for many
plant species subjected to salinity is often associ-
ated with a reduced photosynthetic capacity, due both
to stomatal limitations and non-stomatal processes
(Long and Baker, 1986; Brugnoli and Björkman, 1992;
Belkhodja et al., 1999; Delfine et al., 1999; Loreto
et al., 2003). Recent evidence suggests, however, that
salt stress in olive trees needs to be further studied
in terms of diffusional and non-diffusional limitations
(Centritto et al., 2003). These recently published results
indicate that salinity does not modify the biochemical
capacity of olive leaves to assimilate CO2, and that
estimates of photosynthetic rates obtained with salt-
stressed leaves would be artifactually low unless stom-
atal limitation is removed by forcing stomata to open
completely (Centritto et al., 2003).

It should also be kept in mind that decreases in crop
photosynthesis could be indirect consequences of the
impaired physiology of the plants growing under salt
stress, since salts taken up by plants may not directly

control growth by affecting turgor, photosynthesis, or
enzyme activities. Instead, the build-up of salt may
hasten death of old leaves, in turn affecting growth
by decreasing the supply of assimilates or hormones
to the growing regions (Munns, 1993). The possibility
that the decreases in photosynthesis under salinity were
due to inhibited growth and feedback down-regulation
deserves further investigation.

In barley, salinity decreases both photosynthetic ca-
pacity and the PPFD at which photosynthesis saturates
(Rawson, 1986; Sharma and Hall, 1991; Belkhodja
et al., 1999). Chlorophyll concentration, however, is
not decreased by salinity in barley, and therefore light
absorption by leaves is unaffected (A. Abadı́a et al.,
1999). Therefore, leaves of plants grown under saline
conditions are exposed to an excess of excitation en-
ergy and consequently to a potential photoinhibition
(Mishra et al., 1991; Sharma and Hall, 1991; Belkhodja
et al., 1994).

B. Salinity and Photoinhibition

Salinity does not affect the Fv/Fm ratios, measured af-
ter dark adaptation, in plants grown under high PPFDs
in the field, indicating that salinity does not induce
sustained photodamage. This has been shown to oc-
cur in halophytes such as Artimisia anethifolia (Lu
et al., 2003) and also in the crop plant species bar-
ley (Belkhodja et al., 1999). Similar conclusions have
been obtained at lower PPFDs in species such as cow-
pea, wheat, barley, spinach, cotton, and bean (Larcher
et al., 1990; Brugnoli and Lauteri, 1991; Mishra et al.,
1991; Brugnoli and Björkman, 1992; Morales et al.,
1992; Belkhodja et al., 1994; Delfine et al., 1999).

However, preliminary data suggest that some peren-
nial species could be more susceptible to salinity than
annual plants. For instance, salt-stressed leaves from
olive trees could have Fv/Fm ratios as low as 0.5 (Loreto
et al., 2003). The underlying causes of these decreases
in Fv/Fm ratios have not been explored yet.

C. Salinity and Photoprotection

We have used fluorescence and photosynthesis data
published by Brugnoli and Björkman (1992) to assess
the partitioning of energy dissipation in cotton grown
under salinity, following the approach of Demmig-
Adams et al. (1996a). When cotton was grown in a con-
trolled environment at 50% of full sunlight, salinity did
not cause changes in the amount of light dissipated ther-
mally by the PS II antenna (D) (Fig. 3). Under low, mod-
erate, and severe salinity, D would account for 37–41%
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Fig. 3. Fractions of the total light absorbed by PS II that are
thermally dissipated within the PS II antenna (D), used in
photochemistry, either in RuBP carboxylation (PC) or oxy-
genation (PO), not used in photochemistry nor thermally dissi-
pated within the PS II antenna (X), and used in an unidentified
electron-consuming processes (?) in control, moderate, and se-
vere salt-affected cotton leaves. Plants were grown in a growth
chamber at approximately 50% full sunlight. Pie areas are pro-
portional to the leaf absorptance. The allocation of energy to D,
P, and X follows the methodology proposed by Demmig-Adams
et al. (1996a). The separation of P into PC and PO are made fol-
lowing Brugnoli and Björkman (1992). The fraction devoted
to “?” was calculated as the excess of ETR not dedicated to PC

and PO, assuming that PC + PO consume approximately 4–4.5
mol e- per mol CO2 (von Caemmerer and Farquhar, 1981). Data
were re-calculated from Brugnoli and Björkman (1992).

of the PPFD absorbed by PS II (Fig. 3). These unaf-
fected D values are in good agreement with the lack of
effect of salinity on the de-epoxidation state of the xan-
thophyll cycle pigments in the same plants (Brugnoli
and Björkman, 1992). The fraction used in photochem-
istry, P, did not decrease much with salinity, although a
fraction due to unidentified processes included in this
fraction would increase with severe salinity at the ex-
pense of those dedicated to RuBP carboxylation (PC)

and oxygenation (PO) (Fig. 3). Under control, moder-
ate, and severe salinity, unidentified processes would
use approximately 27, 24, and 34% of the PPFD ab-
sorbed by PS II, respectively, whereas photosynthesis
would account for 11, 11, and 4% and photorespiration
for 9, 9, and 3% of the PPFD absorbed by PS II (Fig. 3).
The existence of unidentified processes consuming one
third of the absorbed light may be related to the unusu-
ally high electron transport/net photosynthesis ratios in
these cotton leaves, which were approximately 15, 18,
and 31 under no salinity, moderate, and severe salinity,
respectively. The fraction not thermally dissipated nor
used in photochemistry (X) increased from 15 to 21%
of the PS II absorbed light with salinity (Fig. 3).

Increases of the electron transport/net photosynthe-
sis ratios with salinity have been reported in other
plant species, supporting the existence of dissipation
processes other than CO2 fixation. At this stage it is
not possible to differentiate between respiration, pho-
torespiration, Mehler reaction, PS II cyclic electron
transport, or any other electron-consuming processes.
The electron transport/net photosynthesis ratios also
increased with salinity in barley, from control values
of 6.0 to approximately 12.0 (data recalculated from
Belkhodja et al., 1999). Also, salt stress increased
this ratio in spinach from control values of 7–8 to
approximately 11 (re-calculated from Delfine et al.,
1999). Dark respiration does not seem to be an alter-
native electron-consuming process under salinity. For
instance, dark respiration rates were not affected by
salinity in several cultivars of olive trees (Centritto
et al., 2003; Loreto et al., 2003). One possible way
of dissipating energy is through ATP consumption in
salt pumping, which has been suggested as an alterna-
tive electron-consuming process in plants affected by
salinity (Yeo, 1983).

Oxidative stress symptoms have been found in plants
grown in saline conditions. Lipid peroxidation has
been found in several plant species submitted to salin-
ity (Mishra et al., 1993; Gueta-Dahan et al., 1997;
Gómez et al., 1999; Sairam and Srivastava, 2002).
Oxidative damage to proteins has been also reported
(Hernández et al., 2000). In addition, H2O2 concen-
trations have been reported to increase in plants un-
der salinity (Gómez et al., 1999; Lee et al., 2001;
Sairam and Srivastava, 2002). Anti-oxidative mecha-
nisms are triggered by salinity, possibly in response to
oxidative stress. For instance, Fe-, Mn-, and Cu/Zn-
SOD activities have been found to increase with salt
stress in different plant species (Gómez et al., 1999; Lee
et al., 2001; Almansa et al., 2002; Broetto et al., 2002;
Luna et al., 2002; Sairam and Srivastava, 2002). The
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ascorbate-glutathione cycle was also activated in salt-
stressed plants (Gómez et al., 1999; Lee et al., 2001;
Luna et al., 2002; Sairam and Srivastava, 2002). In
Nicotiana plumbaginifolia, salinity stimulated catalase
activity (Savouré et al., 1999), whereas in rice salt stress
enhanced ascorbate and guaiacol peroxidase activities
while catalase activity decreased (Lee et al., 2001).

VII. Conclusions and Future
Research Directions

When plants are under stress, their photosynthetic rates
decrease for a variety of reasons. At the same time,
they often cannot avoid continuing to gather sunlight.
In some abiotic stresses, such as Fe and N deficiency,
the amount of Chl decreases, in turn decreasing leaf
absorptance. In other common abiotic stresses, such as
P deficiency or salinity stress, Chl concentration gen-
erally does not change. As a consequence of the imbal-
ance between energy harvesting and the capacity for en-
ergy utilization, at high PPFDs plants experience what
has been called in a wide sense “photoinhibitory” pro-
cesses. With the current data available, we can say that
although some signs of photodamage are often found,
photoprotection mechanisms are far more important.
Of course, photoprotective mechanisms in plants are
part of a continuum, and the relative importance of
each mechanism would depend on the type of abiotic
stress and also of the plant species in question.

Plants under stress generally dissipate a large part
of the light absorbed by PS II as heat, a process medi-
ated by the xanthophyll cycle pigments within the PS
II antenna pigment bed. Cases where very high lev-
els of thermal dissipation occur are frequently, but not
always, those involving decreases in leaf Chl concen-
trations. This has been confirmed for N and Fe defi-
ciencies and also for water stress. Thermal dissipation
also usually becomes increasingly important when the
intensity of the stress increases. In the case of salin-
ity, however, thermal dissipation does not appear to
increase, although this should be confirmed in further
experiments. To have an overall assessment of the gen-
eral importance of thermal dissipation in abiotic stress
cases, it is necessary to obtain additional information
on the extent of thermal dissipation in other nutri-
ent deficiencies, which are so far unexplored in this
respect.

Part of the energy is dissipated by using O2 as an
electron sink in processes that produce active oxygen
species. Some symptoms of oxidative damage are fre-
quent in stressed plants, including lipid and protein

peroxidation and the presence of detectable amounts
of H2O2. However, the combined action of energy dis-
sipation processes, antioxidants, and antioxidant enzy-
matic systems in water stressed, nutrient-limited, and
salinity-affected plants seems to maintain a large part
of PS II undamaged, and in most cases there is no ev-
idence for major sustained photodamage under such
environmental conditions. In general, the concentra-
tions of most oxidative defense components tend to
increase with the stress when they are expressed on
a basis that considers the capacity to produce reactive
oxygen species (i.e. on a chlorophyll basis). In any case,
oxidative stress-related processes, which are tradition-
ally regarded as damage, could also be re-interpreted
as part of the redox-regulated signal transduction path-
ways (Demmig-Adams and Adams, 2003). Future re-
search should be focused to investigate these systems
in plants under limited nutrient or water availability.

An often-overlooked fact in studies of the effects of
abiotic stress on photosynthetic parameters is the ex-
istence of major gradients within the leaf (Sun et al.,
1996b; Nishio, 2000). Superficial cell layers are ex-
posed to higher effective PPFDs than inner ones, and
the composition of cells in the gradient is also different
(Sun et al., 1996a). This heterogeneity within the leaf
can cause at least two major problems that should be
considered. First, some techniques often used to study
effects of abiotic stress, such as gas exchange or pig-
ment composition, offer integrative results of all cell
layers within the leaf. Chlorophyll fluorescence stud-
ies, however, give an inherently larger weight to the ef-
fects of stress on the superficial cell layers. Therefore,
combining and understanding data obtained using these
very different techniques is not always straightforward,
and further work is needed in this area.

The combined use of Chl fluorescence and gas ex-
change techniques (Valentini et al., 1995; Medrano
et al., 2002) has been successful for the separation of
the electron transport rate into several fractions, in-
cluding that dedicated to photosynthesis, dark respira-
tion, and photorespiration, in drought-affected plants
(Flexas and Medrano, 2002). However, using this ap-
proach with Fe- or N-deficient plants has not been pos-
sible so far. This is because the ratio between electron
transport and the sum of net photosynthetic rates, dark
respiration, and photorespiration decreases with Fe and
N deficiency (our unpublished observations and data
recalculated from the literature) below the theoretical
value of 4.5–5 (von Caemmerer and Farquhar, 1981).
A possible explanation for this is that the electron
transport rate (estimated with Chl fluorescence) and
the photosynthesis rate (measured with gas exchange
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techniques) could originate from different cell popu-
lations. The uppermost cell layers, contributing more
to the electron transport rate estimation, may be more
affected than deeper cell layers, which contribute more
to the estimation of gas exchange rates. In the case of
water stress, the ratio between electron transport and net
photosynthesis never decreases below 5 (Flexas et al.,
1999). A second problem arising from leaf heterogene-
ity is related to thylakoid isolation. Indeed, some of the
evidence for photodamage comes from studies carried
out with isolated thylakoids. Isolated thylakoids, how-
ever, may or may not be representative of the leaves
used for thylakoid isolation (Quı́lez et al., 1992). Be-
cause of these reasons, methodologies should be estab-
lished to assess the extent of photodamage from whole
leaf materials instead of isolated thylakoids.

Excessive light interception is avoided in some
species by having a canopy structure providing de-
creases in the exposure of leaf surfaces to sunlight (J. He
et al., 1996; Valladares and Pugnaire, 1999; Werner
et al., 2002) or by the presence of epidermal trichomes
that may decrease incoming light (Morales et al., 2002).
For instance, it has been reported that in Heliconia a
change in leaf orientation from 10 to 80◦ from the hor-
izontal decreases the PPFD incident on the leaf surface
by 41% and results in Fv/Fm ratio increases from 0.63
to 0.72 (He et al., 1996). Some species may also change
the light orientation during the day. For instance, both
wild soybean grown under low water availability (Kao
and Tsai, 1998) and Arbutus unedo (Gratani and Ghia,
2002) exhibit at midday more vertical leaf angles. The
importance of mechanisms such as leaf movements
and leaf folding, exhibited by some species to cope
with sustained photoinhibition and PS II damage un-
der water stress, should be also a matter of future
research.

Down-regulation of photosynthesis at midday, asso-
ciated with an enhanced xanthophyll cycle-related ther-
mal energy dissipation process, is advantageous for the
survival of plants under abiotic stress conditions, but
it may compete with light use efficiency. Does thermal
energy dissipation decrease plant productivity? More
research is needed to answer this question. On one
hand, it has been estimated that midday photosynthe-
sis depression may decrease crop productivity by at
least 30–50% (Xu and Shen, 1997). This contention
arises from studies in which midday mist irrigation in-
creased photosynthesis, plant biomass, and crop yield
in several species (Xu and Shen, 1997, and references
therein). However, the possibility that sink limitation
may be the origin of the midday photosynthesis de-
pression has not been excluded, and therefore, unless

one can demonstrate that the products of photosynthe-
sis (sugars) are limiting under these conditions, it is
not possible from these data to conclude that thermal
energy dissipation can cause decreases in crop produc-
tivity. On the other hand, however, in the first hours after
Fe-resupply to Fe-deficient sugar beet plants, xantho-
phyll cycle pigments shift rapidly towards violaxan-
thin and photosynthetic rates increase concomitantly,
without significant changes in leaf Chl concentration
(Larbi et al., 2004). These data show that the conver-
sion of V into A + Z, together with its associated energy
dissipation, does compete with PS II photochemistry,
decreasing photosynthetic rates and potentially crop
productivity. Data from Fe-deficient sugar beet plants
show that growth is not much affected (Terry, 1979)
and that their leaves have sugar concentrations largely
reduced (Arulanantham et al., 1990), which makes the
existence of sink limitations in these leaves very un-
likely. In any case, more data are needed to ascertain
the real impact of photoinhibitory processes in crop
productivity, considering both the deleterious impacts
and the protective, beneficial ones.
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Summary

This chapter summarizes the effects of excessive solar radiation on aquatic primary producers with an emphasis on
macroalgae. The introductory paragraphs deal with the aquatic environment and the specific implications for sessile
algae and their vertical distribution on the coast. Macroalgae are exposed to dramatically changing irradiances
and complicated light patterns governed by the diel solar cycle, the tidal rhythm, and changing cloud cover. The
following sections concentrate on the phenomenon of photoinhibition with specific reference to in situ measurements
with as little disturbance of the specimens on site as possible. Despite its low percentage contribution in solar
radiation, short wavelength ultraviolet is a major component in photoinhibition of algae in their natural habitat.
Fast kinetics of fluorescence parameters demonstrates the rapid adaptation of the organisms to their changing
photic environment. Early developmental stages are more prone to inhibitory effects of excessive solar radiation.
Pigment bleaching and resynthesis are important consequences of solar exposure. Macroalgae have developed several
strategies for protection against excessive light stress. UV-absorbing substances, which they share with cyanobacteria
and phytoplankton, limit the amount of UV photons reaching the photosynthetic apparatus and the nucleus. They
include carotenoids, mycosporine-like amino acids, as well as several chemically not yet identified substances. In
addition, the fast turnover of the D1 protein in photosystem II allows rapid recovery from photoinhibition.

I. Introduction: Life in the Aquatic
Environment

Macroalgae and seagrasses are major biomass produc-
ers in marine ecosystems inhabiting coastal regions and

∗Author for correspondence, email: dphaeder@biologie.uni-erlangen.de

continental shelves (Häder et al., 2003a). They are eco-
logically important for providing the basis of the intri-
cate food web in coastal habitats and giving shelter to
adult and larval stages of fish, crustaceans, mollusks,
and other animals. In addition, they are economically

B. Demmig-Adams, William W. Adams III and A.K. Mattoo (eds), Photoprotection, Photoinhibition, Gene Regulation, and Environment, 87–105.
© Springer Science+Business Media B.V. 2008 
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important and are being exploited for food produc-
tion, as fertilizers, and as raw materials for gelling sub-
stances such as agar and carragheenan (Jensen, 1995;
Lüning, 1990).

Incident solar radiation at the surface and the depth
of penetration into the water column are the decisive
factors controlling photodamage to aquatic photosyn-
thetic organisms. Aquatic ecosystems differ substan-
tially in their transparency and thus the depth of solar
penetration (Laurion et al., 2000). Especially in eu-
trophic freshwater systems and coastal areas of the
oceans, absorbing and scattering substances limit the
transparency of the water, while solar radiation pene-
trates to greater depths in clear oceanic waters (Conde
et al., 2000a; Kuhn et al., 1999). In addition, there is
a pronounced seasonal variability in the transparency
(Dring et al., 2001a; Kuwahara et al., 2000). Inor-
ganic particulate substances, dissolved and particulate
organic carbon (DOC and POC), humic substances,
and suspended organisms are the main absorbers of
(especially short wavelength) solar radiation (Arts
et al., 2000).

Phytoplankton and other pelagic organisms are free
to move in the water column by active swimming or
actively changing their buoyancy. E.g., several Dino-
phyceae have been found to undergo diel active ver-
tical migrations of up to 30 m (Tyler et al., 1981;
Yentsch et al., 1964). Diatoms and floating cyanobac-
teria, which do not have the capability of propelling
themselves, resort to flotation by producing gas vac-
uoles (Walsby et al., 1992) or lipid droplets (Gosink
et al., 1993). In open oceanic waters, vertical migra-
tion is superimposed by the action of waves and wind
(Häder et al., 2003a). Therefore, the impact of solar ra-
diation is modified by the depth and rate of the mixing
layer (Huot et al., 2000).

In contrast to phytoplankton organisms, most marine
macroalgae are confined to the coastal areas of the con-
tinental shelves. Also, while phytoplankton are motile
in the water column (Häder, 1995), most macroalgae
are sessile and therefore restricted to their growth site
(Lüning, 1990). Macroalgae show a distinct pattern of
vertical distribution in their habitat that is mainly con-
trolled by light penetration (Dring et al., 1996; Hanelt
et al., 1997; Larkum et al., 1993). The photoprotective

Abbreviations: DOC – dissolved organic carbon; MAA –
mycosporine-like amino acid; PAM – pulse amplitude modulated
(fluorescence); PAR – photosynthetically active radiation, 400 –
700 nm; POC – particulate organic carbon; PS II – Photosystem
II; UV – ultraviolet radiation; UV-A – ultraviolet radiation in the
wavelength range 315 – 400 nm; UV-B – ultraviolet radiation in
the wavelength range 280 – 315 nm

capabilities define the upper growth limit of a species.
Some of these plants populate the supralittoral (coast
above high water mark), where they are exposed only
to the spray from the surf. Others inhabit the eulittoral
(intertidal zone), which is characterized by the regular
tidal change (Häder, 1997). Subtidal macroalgae are
never exposed to air since they thrive below the tidal
zone. The range in solar radiation can be substantial,
from over 1000 W m−2 (total solar radiation) at the sur-
face to less than 0.01% of this value, which penetrates
to the understory of e.g. a kelp habitat (Markager et al.,
1994).

The phenomenon of photoinhibition protects the
photosynthetic apparatus by affecting photosystem II
in such a way that excess absorbed energy is rendered
harmless by thermal dissipation (Krause and Weis,
1991; Adams et al., this volume). This effect can be
measured using pulse amplitude modulated (PAM) flu-
orescence. The ratio Fv/Fm (see below) is defined as the
photosynthetic quantum yield. In a dark-adapted organ-
ism this is interpreted as the “optimal quantum yield”
and in a light-exposed organism the “effective pho-
tosynthetic yield”. Note that this definition is in con-
trast to others in which the quantum yield describes the
amount of oxygen released per photon or the amount
of CO2 fixed per absorbed photon. A decrease in the
quantum yield is interpreted as a sign of photoinhi-
bition (Hanelt, 1995b; see Osmond and Förster, this
volume). After exposure of the plants to excessive
light, several researchers found a strong degradation
of the D1 protein in the reaction center of photosys-
tem II (Critchley and Russell, 1994; Hanelt, 1998; see
Edelman and Mattoo, this volume). This process is de-
fined as chronic photoinhibition. However, D1 degrada-
tion was not determined in all experiments with aquatic
photosynthetic organisms. Since the D1 levels can also
be adjusted by acclimation to the prevailing light con-
ditions (e.g. sun vs. shade), the determination of capac-
ity is the only clear criterion for the assessment of this
phenomenon.

Many algae (but also higher plants) show a typ-
ical midday depression in their photosynthetic yield
between noon and the early afternoon hours. This di-
urnal pattern is attributed mainly to dynamic photoin-
hibition (Hanelt et al., 1994a, 1994b; Hanelt, 1998;
Henley et al., 1992). This process is believed to be due
to the xanthophyll cycle (see Yamamoto, this volume),
involved in the regulation of photosynthetic quantum
yield by reversibly increasing thermal dissipation of
excess energy (Demmig-Adams and Adams, 1992). In
marine algae this pattern is complicated by the tidal
rhythm: the highest irradiance stress occurs when low
tides coincide with high solar angles (Häder et al.,



Chapter 7 Photoinhibition in Aquatic Ecosystems 89

2000b; Hanelt et al., 1994b; Hanelt, 1998). Depend-
ing on the tidal change, eulittoral macroalgae can be
submerged under several meters of turbid water dur-
ing high tide or be fully exposed to solar radiation
when the water retreats. As a consequence, macroal-
gae are subjected to a complicated pattern of irradi-
ances controlled by the daily cycle, the tidal rhythm,
which is phase shifted from day to day, and the chang-
ing cloud cover. It will be interesting in the future to
determine if this pattern is endogenously regulated, e.g.
by an entrainment to the tidal rhythm. Judging from the
drastically changing exposure conditions in their habi-
tat, algae need to adapt to widely changing irradiation
levels. Most accomplish positive net photosynthesis at
low and intermediate irradiances like shade plants in
terrestrial habitats. This is indicated by the fact that
the PS II photochemical efficiency (Fv/Fm) decreases
even at moderate irradiances and non-photochemical
quenching is observed (Porst et al., 1997). During ex-
cessive irradiation, the algae need effective preventive
mechanisms to protect themselves from photooxidative
damage. In macroalgae, the regulatory mechanisms de-
signed to ameliorate light stress are similar to those
in higher plants and include thermal dissipation of ex-
cess excitation energy, antioxidant systems, chloroplast
movements, adjustment of the antenna size, and the fast
repair of photooxidative damage (Niyogi et al., 1998).
These putative mechanisms are utilized by algae to dif-
ferent degrees. For instance, in the unicellular green
alga, Chlamydomonas reinhardtii antenna size has little
impact on the absorption of light (Baroli et al., 2003).
Fast induction and relaxation kinetics of the fluores-
cence parameters impressively demonstrate how fast
the photosynthetic apparatus can adapt to the ambient
light conditions (Häder et al., 2000a, 2001a).

II. Photoinhibition in the Field

Under high light stress as well as other stresses, includ-
ing elevated temperatures, desiccation, and excessive
salinity, macroalgae undergo a similar photoinhibition
as described for higher plants defined as a decrease
in the PS II photochemical efficiency (see Nishiyama
et al., this volume). The underlying mechanisms are
generally believed to be identical to those identified for
terrestrial photosynthetic organisms (Neidhardt et al.,
1998; Jung and Niyogi, this volume). Photoinhibition
can be quantified by oxygen exchange (Häder et al.,
1994; Hanelt et al., 1995) or by measurements of
chlorophyll fluorescence (Schreiber et al., 1986). While
some researchers failed to see a correlation between

oxygen production and PAM fluorescence parameters
(Hanelt and Nultsch, 1995), others found a close rela-
tionship (Björkman and Demmig, 1986; Adams et al.,
1987, 1990a; Demmig-Adams et al., 1989; Häder et al.,
1996a–c, 1997a; Herrmann et al., 1995).

Pulse amplitude modulated (PAM) fluorescence also
allows one to determine photochemical and non-
photochemical quenching (Schreiber et al., 1986;
Büchel et al., 1993). For aquatic ecosystems, an un-
derwater PAM instrument was developed for in situ
measurement of the quantum yield, which proved very
useful to study the ecophysiology of macroalgae in
the field during diving (diving PAM, Walz, Effeltrich,
Germany) (Häder et al., 2001c).

Macroalgae inhabiting the upper intertidal zone,
such as several brown (Cystoseira, Padina, Fucus) and
green (Ulva, Enteromorpha) algae, show a maximum
of oxygen production at or close to the surface, whereas
algae adapted to lower irradiances usually thrive best
when exposed deeper in the water column (the green
algae Cladophora, Caulerpa, most red algae) (Häder
et al., 1997a; Herrmann et al., 1995). Oxygen produc-
tion in this context means net O2 release and reflects
the difference of photosynthetic production minus
respiratory uptake. When exposed to excessive so-
lar radiation at the surface, the photosynthetic oxy-
gen production decreases within minutes or hours in
most species (Fig. 1). Exclusion of UV-B partially re-
duced the effects, indicating its significant role in pho-
toinhibition (see below). In contrast to photosynthesis,
respiration is inhibited much less during photoinhibi-
tion. As a consequence of the inhibited photosynthetic
oxygen production and less impaired respiration, in-
creasing exposure to solar radiation results in a shift
of the compensation point to higher irradiances, e.g.,
in the green alga Ulva laetevirens (Herrmann et al.,
1995). The compensation point defines the irradiance at
which photosynthetic oxygen production and respira-
tory oxygen consumption balance each other. The low-
est light compensation points for photosynthesis have
been reported for Arctic and Antarctic algae (Gómez
et al., 1995; Gómez and Wiencke, 1996; Wiencke,
1996).

Green macroalgae freshly harvested from their
growth site early in the morning or after dark adapta-
tion show high optimal PS II photochemical efficiency
(measured as Fv/Fm, using PAM fluorescence) compa-
rable to that of higher plants (Häder et al., 1999; 2000b).
Rhodophytes (red algae) and Phaeophytes (brown al-
gae) usually have slightly lower PS II photochemical
efficiency (Bischof et al., 1999; Häder et al., 1997b,
2001d). Marine, crust-forming cyanobacteria are usu-
ally characterized by even lower values. When exposed
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Fig. 1. Net photosynthetic oxygen production (bars) in Cladophora prolifera affected by solar radiation at the surface and PAR
irradiance (open circles and solid line). In order to keep the CO2 concentration constant, 10 mM NaHCO3 was added. Temperature
was 23◦C (Häder et al., 1997a).

to high solar radiation, e.g. during noon at the surface,
the PS II photochemical efficiency decreases rapidly,
especially when the thalli are mounted in a fixed po-
sition so that they face the sun with the same side up.
This may be an artificial stress situation since in their
natural habitat the organisms are free to sway in the
water so that different sides of their thallus are ex-
posed. When this situation is mimicked by allowing
the algae to float in a larger volume of water near the
surface, such as in a rock pool, photoinhibition sets on
after longer exposure times and usually is not as pro-
nounced as in the fixed-position experiment (Fig. 2).
When, after exposure, the algae are subsequently trans-
ferred to dim light in the shade, they recover from
their photoinhibition in a matter of hours. The degree
of photoinhibition and their recovery time depend on
the species, its natural position in the water column,
duration of exposure, and irradiance during exposure.
Deep water species are more prone to photoinhibition
than surface-growing algae and require longer periods
of dim light or darkness to recover (Herrmann et al.,
1995; Häder et al., 1996c; Bischof et al., 1998; Hanelt,
1998; Altamirano et al., 2000). One extreme exam-
ple is the red alga Peyssonnelia that is found in the
Mediterranean at greater depths and often in caves

or in the shade of overhanging rocks (Häder et al.,
1998c). When exposed at the surface, net oxygen re-
lease ceased within 15 min. Optimal photosynthesis
was found when the thalli where exposed at 5 m depth,
but even at 4 m depth there was a considerable de-
crease in the PS II photochemical efficiency after 2 h of
exposure.

Closely related species can show considerable dif-
ferences in photoinhibition and recovery. The green
Mediterranean Cladophora prolifera and C. pellucida
are found in the same habitat at moderate depth. When
exposed to full solar radiation, C. prolifera showed a
higher degree of photoinhibition than C. pellucida, but
the latter took longer times for recovery than the first
(Häder et al., 1997a). Thalli of the same species can
grow at different depths in the water column. The thalli
often develop morphological and physiological differ-
ences, when growing at different depths, which are be-
lieved to be due to the ambient light conditions they
experience in their habitat. Thalli of the common crus-
taceous red alga Corallina elongata (Corallinaceae) are
characterized by a sun morphotype when growing at the
surface, while algae growing at 5 m depth and in caves
display a typical shade morphotype (Algarra and Niell,
1990). The shade type has a higher assimilative surface,
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Fig. 2. Effective photosynthetic quantum yield (Fv/Fm) of Corallina officinalis (harvested from the mid intertidal) measured after 30
min dark adaptation, 30 min exposure to unfiltered solar radiation during local noon free floating in a large volume of water, and
after increasing recovery times in the shade calculated as (F′

m−Ft)/F
′
m. The control sample was treated as the other specimens except

for solar exposure. For each data point n was equal to 8 (the lines on top of the bars indicate one SD) (after Häder et al., 2003b).

higher chlorophyll a and phycoerythrin contents, but a
lower carotenoid content than the sun type. The latter
also shows a higher canopy density. These phenotypes
are not different genetic strains since both morpho-
types are easily interconvertable upon transplantation
(Algarra and Niell, 1990). Thalli of the same species
harvested from different depths show different degrees
of photoinhibition when exposed to surface solar radi-
ation and differences in the time required for recovery;
photoinhibition is less extensive in surface-adapted al-
gae (Fig. 3) (Häder et al., 1996d, 1996c). In the siphonal
green alga Halimeda, transplantation experiments con-
firmed that the differences in morphology and physiol-
ogy are not due to genetic differentiation of strains, but
rather to phenotypically induced adaptations at differ-
ent depths (de Beer et al., 2001).

One can still argue that the experimental procedures
described above are artificial and cause stress to the
specimens when taking algal samples from their growth
site to the surface where they are exposed to exces-
sive radiation. In order to reveal the real behavior of
macroalgae in their natural habitat, it is desirable to
use non-invasive techniques on site without removing
the thalli from their habitat or changing their growth

conditions. PAM fluorescence can now be performed
by a diver on specimens under water. For this purpose
the selected plants need to be marked, e.g. by a buoy, in
order to perform time-series experiments on the same
specimens (Häder et al., 2001d). Figure 4 shows the
PS II photochemical efficiency measured by this tech-
nique in the common brown alga Dictyota dichotoma
at 2 m depth off the Atlantic island of Gran Canaria.
In the morning an initial yield of >0.8 was determined
which dropped during the day to 0.65 and increased
again later in the afternoon, but full recovery of op-
timal quantum yield did not occur until about 6 p.m.
(local time). When measuring the PS II photochemi-
cal efficiency at 1-h intervals from dawn to dusk in the
Mediterranean siphonal Chlorophyte Codium bursa, a
pronounced photoinhibition (PS II photochemical effi-
ciency from 0.58 to 0.2) was found at local noon and
the early afternoon hours. The alga did not fully recover
until evening (Häder et al., 1999). While noon photoin-
hibition is quite common in rock pool algae and spec-
imens growing near the surface, some reduction in the
PS II photochemical efficiency can be detected even at
several meters depth (Fig. 5) (Häder et al., 1996d; Porst
et al., 1997).
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Fig. 3. Photosynthetic quantum yield (Fv/Fm) in Corallina elongata, harvested from the surface (open bars) and from a depth of
5 m (black bars), measured after dark adaptation, after 1 h exposure to solar radiation in a rock pool and during recovery in the
shade. The controls were treated as the other specimens except for the solar exposure. Each data point represents the mean of eight
measurements and S.E. (Häder et al., 1997b).

Fig. 4. Photosynthetic quantum yield (Fv/Fm) of Dictyota dichotoma at 2 m depth off the Atlantic island of Gran Canaria measured
with a diving PAM fluorometer on site. Each data point represents the mean of eight measurements and S.E. Values are statistically
different from the initial value (Student’s t-test) with P < 0.001 (***) or P < 0.01 (**) (Häder et al., 2001d).
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Fig. 5. Photosynthetic quantum yield of Dictyota dichotoma growing at the surface (open bars) and at 6 m depth measured on site
from dawn to dusk at 1-h intervals. D.-P. Häder, 2006 unpublished

III. Effects of Solar UV Radiation

While most of the photoinhibitory effects in macroal-
gae and phytoplankton are due to the white light
component (PAR, photosynthetic active radiation, 400–
700 nm), a considerable fraction is due to short-
wavelength solar UV radiation (Smith et al., 1980;
Neale et al., 1993; Benet et al., 1994; Dring et al.,
2001b; van de Poll et al., 2001). This is an interesting
phenomenon since UV-A (315–400 nm, C.I.E. defini-
tion) contributes only about 5 % of the total solar radi-
ation and UV-B (280–315 nm) less than 0.2 % (Webb,
1998).

The depletion in stratospheric ozone resulting
from anthropogenically released atmospheric pollu-
tants such as chlorinated fluorocarbons has caused an
increase in UV-B radiation reaching the Earth’s sur-
face (Crutzen, 1992; Kerr et al., 1993; Lubin et al.,
1995). Biologically effective UV-B radiation can pen-
etrate deep into the water column (Smith et al., 1979;
Smith et al., 1992) and may affect the aquatic ecosys-
tems (Häder et al., 2003a). Both UV-A and UV-B cause
depression of the photosynthetic rate in the brown alga
Laminaria digitata (Foster et al., 1996). UV-B penetra-
tion into the water column depends on the optical prop-
erties. 10 % transmission of solar radiation at 310 nm

varies from about 20 m in the clearest oceanic water
to a few centimeters in brown humic water. Benthic al-
gae may experience deleterious UV radiation to depths
below 20 m (Booth et al., 1997).

The effect of short wavelength UV radiation can
clearly be demonstrated with UV exclusion studies.
(Gunasekera et al., 1997). Experiments were conducted
with algal thalli submerged in a volume of sea water in
an open tray floating on top of a larger reservoir of water
for thermal stabilization. The trays were covered with
filter foils which removed UV-B or total UV, respec-
tively. The control was covered with foil with a cut-off
at 290 nm in order to warrant comparable microclimatic
conditions and evaporation in all parallel samples. The
experimental procedure was similar to the one outlined
above: the specimens were dark-adapted, then exposed
to a brief period of solar radiation, and subsequently
recovery was studied in dim light. Figure 6 shows the
PS II photochemical efficiency in the common Atlantic
Chlorophyte Enteromorpha (Häder et al., 2001a). Ex-
posing the thalli to full solar radiation resulted in a
statistically significant higher inhibition than exposure
to radiation deprived of UV-B or total UV. This ef-
fect is even noticed during recovery, indicating that the
effects of solar UV radiation are taking longer to be re-
versed than those induced by visible radiation. Similar
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Fig. 6. Effective photosynthetic quantum yield of Enteromorpha linza measured after 30 min dark adaptation, 15 min exposure to
solar radiation, and after increasing recovery times in the shade. Gray bars, specimens exposed to unfiltered solar radiation. Black
bars, specimens exposed to UV-A + PAR. White bars, specimens exposed to PAR only. For each data point n was equal to 8 (the
lines on top of the bars indicate one SD). The values for unfiltered solar radiation and under the 320 nm cut-off filter treatments are
statistically significantly different (Student’s t-test) from the PAR-only values (395 nm cut-off) in each set with P < 0.001 (***), P <

0.01 (**), or P < 0.1 (*), respectively, as indicated by the Student’s t-test. Modified from Häder et al., (2001a)

effects were also found in other green, red, and brown
algae (Franklin et al., 1997, 1998; Häder et al., 1997a,
1998b, 2001c, 2001b, 2001d). It could be shown that
the primary damage to the D1 protein is qualitatively
different when excessive UV or visible radiation is used
(Etienne et al., 1996; Mate et al., 1998). A more detailed
study using a series of Schott cut-off filters confirmed
the notion that the effect of solar radiation is more
pronounced with shorter wavelengths (Häder et al.,
1998c).

Susceptibility to UV radiation is highly variable
among marine macroalgae which results in a specific
depth distribution of species (van de Poll et al., 2001).
Subtidal species are generally more sensitive to UV
radiation than eulittoral species. This can be easily
demonstrated by transplantation experiments of algae
from deep to shallow waters (Karsten et al., 2001).
Intertidal species readily tolerate or acclimate to UV.
(Altamirano et al., 2000). In some Arctic fjords, al-
gal primary productivity is strongly affected by the
availability of solar radiation (Hanelt et al., 2001).
Even though the solar UV-B radiation at the surface
never exceeded 0.27 W m−2, it deeply penetrated into
the water column and impaired growth to a depth
of 5–6 m. During summer this inhibition was less
pronounced due to high influx of turbid fresh wa-
ter from melting snow and glacier ice into the fjord

water, decreasing the transparency in the top water
layer.

IV. Fast Kinetics of Fluorescence
Parameters

Induction curves of fluorescence parameters reveal the
velocity with which the specimens can adapt to their
changing environment. Induction curves with quench-
ing analysis measured at 10 ms sampling rate showed
first a fast and then a gradual drop of the current fluores-
cence (Ft) and maximal fluorescence (Fm) in the com-
mon Rhodophyte Corallina officinalis when the thalli
were exposed to a bright halogen light source (Fig. 7)
(Häder et al., 2003b). Non-photochemical quenching
followed this pattern antagonistically and reached high
values within less than 100 s. During this time the PS
II photochemical efficiency (Y) hardly increased above
zero and photochemical quenching (qP) increased only
slightly. Both parameters showed a significant oscilla-
tion. This is even more pronounced in the subsequently
measured relaxation kinetics where Y and qP followed
a parallel oscillation that dampened out after some time.
The PS II photochemical efficiency and the photochem-
ical quenching stepped up within a few seconds while
the non-photochemical quenching gradually decreased
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Fig. 7. Induction curve with quenching analysis in Corallina officinalis (after Häder et al., 2003b).

with time. It is interesting to note that adaptation of
the fluorescence parameters occurred in such a short
time.

Fast induction kinetics at 1000 μs per data point in
Corallina show the involvement of several components
of the PS II redox system (Fig. 8) following dark adap-
tation for 4 h. After determination of Fo, the actinic
halogen light was switched on for 2 s (at time 0.5 s). At
least two distinct rise components can be distinguished
which lead to a transient fluorescent maximum with a
subsequent decrease, indicating the involvement of sev-
eral redox components. The biphasic fluorescence rise
during light exposure can be attributed to a reduction
of QA and QB followed by a subsequent, slower reduc-
tion of the plastoquinone pool. The gradual decrease to
lower fluorescence values indicates that it takes more
than a second until the electron transport chain oper-
ates smoothly. Exposure to unfiltered solar radiation
with increasing durations (15, 30, 45 or 60 min) before
determination of the fast induction kinetics strongly
decreased the fluorescence signal in this species. Simi-
lar results were obtained for other Rhodophytes (Häder
et al., 2003b) and Phaeophytes (Häder et al., 2001b).

V. Effects on Developmental Stages

Excessive solar radiation inhibits growth in adult stages
of many species of macroalgae both in short- and long-

term exposure (Franklin et al., 1998; Grobe et al., 1998;
Häder, 1998; Dring et al., 2001b). Young developmen-
tal stages of macroalgae (zoospores, gametes, zygotes,
and young germlings) are even more susceptible to UV
radiation stress (Wiencke et al., 2000; Coelho et al.,
2001): Mortality of Phaeophyte zoospores from south-
ern Spain was induced by full solar UV radiation, with
short wavelength UV-B being more effective than UV-
A. The effects include loss of viability, cellular dis-
integration, and inhibition of motility and phototaxis.
It is interesting to note that zoospores of the shallow
water species Chordaria flagelliformis require higher
UV doses than the mid-sublittoral species Laminaria
saccharina to suffer mortality (Wiencke et al., 2000).
In addition to photosynthesis, polarity induction, mito-
sis, and cytokinesis during the development of brown
algae zygotes are affected.

The Chlorophyte Chara is regarded as a link to higher
plants, which makes it interesting for research on UV-
related effects. Under elevated UV-B radiation, vegeta-
tive reproduction was stimulated while generative re-
production was suppressed (de Bakker et al., 2001a,b).

VI. Pigment Bleaching

The pigment content in macroalgae depends on the ir-
radiance levels in solar radiation, and, as is the case
in higher plants, it differs between sun and shade type
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Fig. 8. Rapid induction and relaxation kinetics at 1000 μs/data point in Corallina officinalis (Häder et al., 2003b).

algae (Herrmann et al., 1996). Furthermore, it is known
to be governed by a diurnal rhythm (Häder et al., 1997a;
Talarico, 1996). These daily patterns indicate a rapid
turnover of the pigments in the natural environment of
algae (Grumbach et al., 1978; Algarra and Niell, 1990).

Absorption spectra of methanolic extracts of two
strains of the Rhodophyte Corallina officinalis showed
that specimens collected from the lower intertidal had a
considerably lower concentration of all photosynthetic
pigments than mid intertidal samples. When exposed
to unfiltered solar radiation over the day, both morpho-
types had a significantly lower absorption than controls
kept in the shade (Häder et al., 2003b). There was no se-
lective decrease of any of the photosynthetic pigments.

During a 2-d exposure experiment, selected species
of green, red, and brown algae all showed a pronounced
variation in their pigmentation. The green alga Ulva
rigida, adapted to excessive solar radiation since it
grows in shallow rock pools high in the intertidal range,
showed a significant increase in the chlorophyll concen-
tration in the extract during the first day and a decrease
during the subsequent night (Häder et al., 2002). How-
ever, on the second day the experienced cumulative ra-
diation dose prevented any further increase in pigmen-
tation. In contrast, two other species, the Rhodophyte
Porphyra columbina and the Phaeophyte Dictyota

dichotoma, which grow lower in the intertidal range,
showed a drastic decrease in the absorption at 665 nm
which was even more pronounced on the second day.

VII. Protection Mechanisms against
Excessive Radiation Stress

The decrease in PS II efficiency and photosynthetic ca-
pacity can be regarded as an active adaptation to the
changing irradiance conditions (Hanelt et al., 1994a).
It is not only found in algae from the tropics and mid lat-
itudes (Wood, 1989; Dring et al., 1996; Franklin et al.,
1996a) but also in Arctic and Antarctic macroalgae
(Hanelt et al., 1994a, 1995a; Gomez et al., 1995). While
most of the photoinhibition is due to PAR, a statistically
significant percentage of the effect is caused by UV-B
(and less so by UV-A) in the top few meters of the
water column. This high photoinhibition by solar UV
has been found in a number of marine algae (Häder
et al., 1997a, 1998a, b) and phytoplankton species in
the North Atlantic and Mediterranean Sea (Jimenez
et al., 1996; Figueroa et al., 1997a, b). The regulatory
mechanisms designed to ameliorate light stress include
thermal dissipation of excess excitation energy, antiox-
idant systems, chloroplast movements, adjustment of
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the antenna size, and the fast repair of photooxidative
damage (Niyogi et al., 1998). The fast induction and re-
laxation kinetics clearly demonstrate how fast the pho-
tosynthetic apparatus can adapt to the ambient light
conditions.

A. UV Protection by Absorbing Substances

One efficient protective mechanism against UV radia-
tion (UV-A and UV-B) is the production of one or sev-
eral UV-absorbing substances such as carotenoids or
UV-absorbing mycosporine-like amino acids (MAAs)
(Karsten et al., 1999). Most MAA-producing species
belong to the Rhodophytes, some are found among the
Phaeophytes, while only a few Chlorophytes produce
MAAs (Gröniger et al., 2000). Three different strate-
gies of protection by UV-screening pigments have been
found: sublittoral algae, not likely exposed to higher
doses of solar UV, do not synthesize UV-absorbing
pigments at all (Karsten et al., 1998b); another group,
mainly consisting of supralittoral and high eulittoral
algae, which find themselves exposed to high irradi-
ances of solar UV, produces large amounts of MAAs,
but cannot be induced by natural or artificial radiation
(e.g. the red alga Porphyra, Gröniger et al., 1999). In
the third group, MAA production can be induced by
solar radiation or through experimental manipulation
(Gröniger and Häder, 2002).

MAAs are water-soluble compounds characterized
by a cyclohexenone or cyclohexenimine chromophore
conjugated with the nitrogen substituent of an amino
acid or its imino alcohol (Fig. 9). They show absorp-
tion maxima ranging from 310 to 360 nm, are trans-
parent to visible light, and have an average molecular
weight of around 300 (Cockell et al., 1999; Shick et al.,
2002). Approximately 20 MAAs have been found in
diverse organisms; they were first identified in fungi
where they have a role in UV-induced sporulation
(Favre-Bonvin et al., 1976). Related substances, such
as asterine-330, porphyra-334, mycosporine-glycine,
palythine, palythene, palythinol, shinorine etc., have
since been found and characterized in a wide variety
of organisms from cyanobacteria (Garcia-Pichel et al.,
1993; Sinha et al., 1998), algae (Karsten et al., 1998a;
Gröniger et al., 2000), phytoplankton (Carreto et al.,
1990; Klisch et al., 2000), lichens (Karentz et al., 1991),
marine invertebrates (Shick et al., 1991; Gleason et al.,
1993; Adams et al., 1996), and vertebrates including
fish (Karentz et al., 1991). The ubiquitous occurrence
of MAAs across a large geographical and taxonomic
range suggests their early phylogenetic appearance and
their importance as natural UV-screening/absorbing

compounds (Gröniger et al., 2000). MAAs are very sta-
ble compounds and are not easily modified by heat, UV
radiation, or extreme pH (Conde et al., 2000b; Gröniger
et al., 2000).

A polychromatic action spectrum for the induction
of MAAs in the Chlorophyte Prasiola stipitata shows
a clear maximum at 300 nm (Gröniger et al., 2002). In
the red alga Chondrus crispus, blue and UV-A radiation
induce the synthesis of MAAs; however, the induction
by UV-B was not investigated (Franklin et al., 2001).
While most algae use MAAs, a few produce different
types of UV-absorbing compounds (Perez-Rodriguez
et al., 1998).

MAAs have been found in Rhodophytes, Phaeo-
phytes, and Chlorophytes from tropical, temperate, and
polar regions (Häder et al., 2003a). Since these com-
pounds are chemically very stable, they accumulate
in the sediments of lakes and have been used as a
permanent record for past ultraviolet radiation envi-
ronments (Leavitt et al., 1997). In tropical macroal-
gae, higher levels of carotenoids and UV-absorbing
compounds were detected in surface-adapted speci-
mens as compared to those from understory loca-
tions in turf-forming rhodophytes (Beach et al., 1996a,
b). Other UV-absorbing compounds were found to
be induced by UV-A (Yamazawa et al., 1999). A
database on photoprotective compounds in cyanobac-
teria, phytoplankton, and macroalgae is available
at www.biologie.uni-erlangen.de/botanik1/index.html
(Gröniger et al., 2000).

B. Repair Mechanisms

Chronic photoinhibition is thought to be due to struc-
tural change and subsequent proteolysis of the D1 pro-
tein in the reaction center of photosystem II (Hui et al.,
2000; Krieger-Liszkay et al., 2000). Visible light and
solar UV seem to cause different lesions in the protein
(Etienne et al., 1996). To be sure, also regulatory D1
protein pool size adjustment needs to be considered.
During recovery this protein is synthesized de novo
(Etienne et al., 1996; Mate et al., 1998) which is facil-
itated by a fast turnover (Polle et al., 1999; Komenda,
2000). In order to prove this hypothesis for photoinhib-
ited macroalgae, inhibitors of chloroplast protein syn-
thesis, streptomycin or chloramphenicol, were applied
during inhibition and recovery. Streptomycin inhibits
protein biosynthesis by impairing the initiation of trans-
lation and causing misreading of mRNA in prokaryotes
and plastids, while chloramphenicol inhibits the pep-
tidyl transferase activity of the 50S ribosomal subunits
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Fig. 9. Structures of several mycosporine-like amino acids (MAAs) found in cyanobacteria, phytoplankton, and macroalgae.



Chapter 7 Photoinhibition in Aquatic Ecosystems 99

Fig. 10. Photosynthetic quantum yield in Ulva rigida after a dark period, after 15 min of exposure to solar radiation during local
noon, and during recovery in dim light in the control (black bars), with the addition of 500 μg/ml streptomycin (dotted bars), 1 mM
DTT (open bars), or 2 mg/ml chloramphenicol (striped bars). For each data point eight measurements were averaged and the standard
deviation calculated. The values for the inhibited samples are statistically significantly different from the controls in each set with p
< 0.001 (***) or < 0.01 (**), respectively, as indicated by the Student’s t-test. Modified from Häder et al., (2002)

in prokaryotes and plastids and also impairs chloroplast
protein synthesis.

Both agents retarded the repair process indicating an
inhibition of the D1 protein de novo synthesis during
recovery after the damage the specimens experienced
during excessive light exposure (Häder et al., 2002).
After dark adaptation over night, Ulva thalli had an
optimal PS II photochemical efficiency of over 0.7.
After exposure to unfiltered solar radiation the effec-
tive PS II photochemical efficiency decreased to below
0.2 (Fig. 10). While streptomycin had no statistically
significant effect, addition of chloramphenicol further
decreased the PS II photochemical efficiency to below
0.1. Because of the short exposure time, the PS II pho-
tochemical efficiency quickly recovered to almost its
initial value within 30 min under dim light conditions.
During recovery, the inhibitory effects of both chloro-
plast protein synthesis blockers are evident and statis-
tically significant. The effect of chloramphenicol was
even stronger than that of streptomycin and retarded re-
covery to the initial value for more than 6 h in dim light.
Similar effects were found for the brown alga Dictyota

dichotoma and the red alga Porphyra columbina (Häder
et al., 2002).

Both in higher plants and in a number of macroalgae,
the onset of nonphotochemical quenching is related to
the xanthophyll cycle, which is believed to quench ex-
cess excitation energy (Demmig-Adams and Adams,
1992; Häder and Figueroa, 1997; Niyogi, 2000). The
protective role of carotenoids against excessive ex-
citation energy is based on quenching and preven-
tion of singlet oxygen formation (Noctor et al., 1991).
Zeaxanthin formation in the xanthophyll cycle dur-
ing non-photochemical quenching is well established
(Demmig-Adams et al., 1999). Zeaxanthin and change
in quantum yield were found to be closely correlated
in brown algae (Uhrmacher et al., 1995). Algae with
a large xanthophyll pool are characterized by an effi-
cient de-epoxidation of violaxanthin; they have been
shown to tolerate higher irradiances and longer peri-
ods of emersion (Harker et al., 1999). The protective
mechanism of the xanthophyll cycle has been investi-
gated mostly in phytoplankton (Schubert et al., 1994)
and in some macroalgae, e.g., the green alga Ulva
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lactuca (Grevby, 1996) and the brown algae Dictyota
dichotoma (Uhrmacher et al., 1995) and Lobophora
variegata (Franklin et al., 1996b). Rhodophytes were
thought not to use the xanthophyll cycle (Häder et al.,
1997a). However, recently, the unicellular red alga
Rhodella violacea was found to exhibit photoprotec-
tive energy dissipation (Ritz et al., 1999) and the pres-
ence of photoprotective carotenoids was demonstrated
in Gracilaria birdiae (Ursi et al., 2003).

The functioning of the xanthophyll cycle can
be demonstrated by inhibiting the violaxanthin de-
epoxidase, by e.g. dithiothreitol (DTT) (Bilger et al.,
1989; Adams et al., 1990b; Demmig-Adams and
Adams, 1990; Demmig-Adams et al., 1990a, b; Bil-
ger and Björkman, 1990; Öquist et al., 1992; Osmond
et al., 1993). As expected, the drug strongly augmented
photoinhibition but also retarded recovery in green
and brown algae (Fig. 10.). However, it also had ef-
fects in the red alga Porphyra columbina, indicating
that this drug has significant side effects. Furthermore,
DTT treatment significantly affected the optimal PS II
photochemical efficiency in Porphyra and Ulva even
before light exposure, again indicating strong side ef-
fects independent of the desired target. DTT is rou-
tinely used to separate polypeptide subunits linked by
disulfide bonds. The results indicate that this inhibitor
should be used with caution when trying to affect the
xanthophyll cycle in macroalgae. The use of the protein
synthesis inhibitors streptomycin and chloramphenicol
should also be viewed with caution. Their presence can
induce responses not found in their absence. In addi-
tion, some protein synthesis inhibitors have been shown
to influence the xanthophyll cycle and photoprotective
energy dissipation.

VIII. Conclusions

Aquatic primary producers such as cyanobacteria, phy-
toplankton, and macroalgae experience even more
rapid and excessive changes in solar radiation than
higher plants due to the combined effects of wave ac-
tion, tides, changing cloud cover, and diurnal changes.
In order to thrive under low light conditions, most of
these organisms operate as shade organisms, with some
specialists surviving at extremely low irradiances, e.g.
at 200 m water depth. As a consequence, algae in
the tidal zone have to compensate the high light con-
ditions when exposed to full solar radiation during
low tide. The adaptation mechanisms to high light,
and especially high-energy UV radiation, include dy-
namic photoinhibition based on the involvement of the

xanthophyll cycle and chronic photoinhibition in which
the electron flux through the reaction center of photo-
system II is reduced by reversible D1 protein degrada-
tion. Fast induction kinetics document the rapid adap-
tation of the photosynthetic apparatus to the fast and
drastically changing light conditions that the organisms
experience in the water column. Another response to di-
urnal changes and faster alterations in light conditions
are chloroplast movements, changes in pigmentation,
and pigment bleaching. Adaptive protection mecha-
nisms against high UV include the synthesis of UV-
screening pigments such as MAAs and efficient repair
processes of damage to the DNA, the photosynthetic
apparatus, and other vital structures in the cell.
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in Antarctic nanophytoflagellates. Photochem Photobiol 66:
185–189

Figueroa FL, Mercado J, Jimenez C, Salles S, Aguilera J,
Sanchez-Saavedra MP, Lebert M, Häder D-P, Montero O and
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Gröniger A, Hallier C and Häder D-P (1999) Influence of UV
radiation and visible light on Porphyra umbilicalis: Photoin-
hibition and MAA concentration. J Appl Phycol 11, 437–
445

Gröniger A, Sinha RP, Klisch M and Häder D-P (2000) Pho-
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Häder D-P and Figueroa FL (1997) Photoecophysiology of ma-
rine macroalgae. Photochem Photobiol 66: 1–14
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tosynthetic oxygen and fluorescence measurements in Ulva
laetevirens affected by solar irradiation. J Plant Physiol 145:
221–227
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Summary

Application of novel techniques for the characterization of in vivo protein phosphorylation has revealed sixteen
distinct phosphorylation sites in ten integral and two peripheral proteins in photosynthetic thylakoid membranes. In
addition to phosphorylation of the photosystem II (PS II) proteins D1, D2, CP43, and PsbH, and the light-harvesting
antenna polypeptides LHCII and CP29, phosphorylation has been found in photosystem I (PS I) protein PsaD and in
two recently identified proteins TSP9 and TMP14. The accumulated knowledge favors an involvement of reversible
phosphorylation in adaptive stress responses and cellular signaling, but not in direct regulation of photosynthetic
activities like electron transfer or oxygen evolution. Enhancement of PS II protein phosphorylation by abiotic stress
maintains the integrity of PS II before it migrates to the stroma regions of the thylakoids where dephosphorylation
and subsequent protein turnover take place. Specific dephosphorylation of the D1, D2, and CP43 polypeptides is
performed by a heat shock-inducible protein phosphatase intrinsic to the thylakoid membrane. The phosphatase
activity is regulated by the lumenal peptidyl-prolyl isomerase TLP40. This regulation may coordinate the protein
folding activity of TLP40 in the lumen with the protein dephosphorylation at the opposite side of the thylakoid
membrane. Reversible phosphorylation of LHCII in vivo is under complex redox and metabolic control and is
probably involved in regulation of the size of the PS II antennae. Cold- and high light-induced phosphorylation
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of CP29 may facilitate photoprotective energy dissipation by changing PS II-LHCII interactions under stress con-
ditions. Phosphorylation of PsaD protein could be involved in regulation of PS I stability and ferredoxin reduction
by PS I. The light-induced phosphorylation of TSP9, followed by its release from thylakoids, is implicated in plant
cell signaling. The exact physiological roles of the protein phosphorylation events in thylakoids should be revealed
by studies with appropriate mutants of plants and algae.

I. Introduction

Light- and redox-induced protein phosphorylation in
chloroplast membranes was discovered by Bennett in
1977 (Bennett, 1977). The prevailing hypothesis dur-
ing much of the last two decades has been that re-
versible phosphorylation of LHCII is involved in state
transitions, i.e. in balancing the distribution of ab-
sorbed light energy between the two photosystems,
PS II and PS I (Bennett et al., ; 1980; Allen et al.,
1981; Allen, 1992, 2002, 2003; Allen and Forsberg,
2001). This hypothesis has further evolved through
studies of the redox sensing that connects electron
transfer and protein kinase activity in photosynthetic
membranes (Allen, 1992; Vener et al., 1998; Aro and
Ohad, 2003). Studies of the molecular aspects of redox-
dependent thylakoid protein phosphorylation have
revealed it to be an extremely complex process. A mul-
tiple factor-dependent regulation of LHCII phospho-
rylation has been demonstrated. In addition to the re-
quirement of plastoquinone reduction for activation of
LHCII kinase (Allen et al., 1981), the Qo site of the
cytochrome bf complex operates as the redox sensor
for induction of the kinase activity (Vener et al., 1995;
Vener et al., 1997; Zito et al., 1999). Light-induced
changes in LHCII also affect its phosphorylation (Zer
et al., 1999; Zer et al., 2003) as does the thiol redox
state and the ferredoxin-thioredoxin system of chloro-
plasts (Carlberg et al., 1999; Rintamäki et al., 2000).
The latter mechanism for control of LHCII phospho-
rylation was uncovered largely due to the finding of
an initially surprising irradiance-dependence for the
amount of phospho-LHCII in vivo (Rintamäki et al.,
1997). In plant leaves, LHCII was found phosphory-

Abbreviations: D1 – photosystem II reaction center protein; D2 –
photosystem II reaction center sister protein; of 29 kDa – minor
chlorophyll a/b-binding protein of photosystem II; of 43 kDa
– chlorophyll a binding protein of photosystem II; LHCII –
light harvesting chlorophyll a/b-binding proteins of photosys-
tem II; PsbH – 9 kDa psbH gene product; PS I – photosystem
I; PS II – photosystem II; PPIase – peptidyl-prolyl cis-trans iso-
merase; PP2A – protein phosphatase 2A; TLP20 – thylakoid
lumen PPIase of 20 kDa; TLP40 – thylakoid lumen PPIase of 40
kDa; TMP14 – thylakoid membrane phosphoprotein of 14 kDa;
TSP9 – thylakoid soluble phosphoprotein of 9 kDa

lated only at light intensities lower than those during
normal plant growth (Rintamäki et al., 1997; Rintamäki
and Aro, 2001). These findings and the measurements
of the excitation energy transfer between the two pho-
tosystems in plant leaves have seriously questioned
the role of LHCII phosphorylation in state transitions
(Elich et al., 1997; Haldrup et al., 2001; Rintamäki
and Aro, 2001). Accordingly, the physiological func-
tion of LHCII phosphorylation remains an open
question.

More than 1100 genes encode for protein kinases in
the genome of Arabidopsis thaliana (The Arabidopsis
Genome Initiative, 2000). At present there are five can-
didate Arabidopsis genes for membrane protein kinases
that could phosphorylate thylakoid proteins: a fam-
ily of three TAK kinases (Snyders and Kohorn, 1999,
2001) and two kinases homologous to Stt7 kinase from
Chlamydomonas reinhardtii (Depege et al., 2003). The
mechanism for the redox regulation of these kinases
is elusive as is the identity and number of other possi-
ble thylakoid protein kinases. With respect to the genes
for protein phosphatases operating in thylakoid mem-
branes, the situation is even less clear. No gene or pro-
tein sequence information has yet been published con-
cerning the enzymes involved in dephosphorylation of
thylakoid phosphoproteins. The additional challenge in
elucidating the redox-dependent system for thylakoid
protein phosphorylation lies in the fact that it requires
the integrity of the membrane and the electron transfer
chain for operation. Nevertheless, there has been steady
progress in the decoding of the molecular mechanisms
for redox regulation of thylakoid protein phosphoryla-
tion, which has been periodically reviewed (Vener et al.,
1998; Ohad et al., 2001; Rintamäki and Aro, 2001; Aro
and Ohad, 2003; Zer and Ohad, 2003).

Three recent groundbreaking developments pro-
vided unprecedented possibilities for revealing the
functions of protein phosphorylation in the regula-
tion of photosynthesis. Firstly, the sequencing of plant
genomes allowed the full-power application of pro-
teomic approaches to study protein modifications in
these species. Secondly, plant lines with knockouts
of individual genes became commercially available.
Thirdly, new analytical techniques permitted the de-
tection of protein modifications in vivo in variable
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environmental conditions. The latter development has
already brought new insights in the field of thylakoid
protein phosphorylation, showing that this process
could be crucially involved in the response of the pho-
tosynthetic machinery to stress. In this chapter, I re-
view phosphorylation of thylakoid proteins in relation
to different physiological conditions in plants. Special
attention is paid to the in vivo phosphorylation sites
found in the individual thylakoid proteins, which form
the basis for the studies of environmentally dependent
changes in these distinct modifications.

II. Thylakoid Phosphoproteins

A. Detection Techniques

Five different approaches have been used for the detec-
tion of phosphorylation of thylakoid membrane pro-
teins: 1) radioactive labeling; 2) detection of the shift
in the electrophoretic mobility of individual proteins;
3) immunological analysis with phosphoamino acid
antibodies; 4) measurement of the phosphorylation-
induced increase in the mass of intact proteins by mass
spectrometry; 5) identification and sequencing of phos-
phorylated peptides obtained after proteolytic degrada-
tion of proteins. The experimental protocols for deter-
mination of phosphoproteins in higher plant thylakoids
by some of these methods have recently been pub-
lished (Aro et al., 2004). It is important to keep in mind
that the ultimate evidence for phosphorylation requires
identification of the phosphorylated amino acid in the
sequence of the corresponding protein. In this respect,
the first four techniques listed above are limited by
their inability to determine the residue(s) phosphory-
lated and should therefore be complemented by protein
sequencing revealing the phosphorylation sites. All five
approaches provided valuable information about the
status of protein phosphorylation in thylakoids from
different species. However, each of these methods has
its own disadvantages that should be taken into account
when evaluating the accumulated literature.

Detection of phosphoproteins labeled with radioac-
tive isotopes 32P or 33P is the most sensitive and com-
mon technique for studies on protein phosphoryla-
tion. Radioactive labeling of proteins also provides a
dependable avenue to localize the labeled phospho-
amino acids (Michel and Bennett, 1987). Radio-labeled
phosphate has been used in studies of thylakoid protein
phosphorylation in organello (Bennett, 1977) as well
as in vivo (Elich et al., 1992; Elich et al., 1993; Elich
et al., 1997; Fleischmann et al., 1999; Fleischmann

and Rochaix, 1999; Depege et al., 2003). Radio-labeled
ATP has been widely used for phosphorylation of pro-
teins in isolated thylakoids (Bhalla and Bennett, 1987;
Cheng et al., 1994; Vener et al., 1995; Snyders and
Kohorn, 1999). The limitations of radioactive label-
ing consist of uneven uptake of the label in different
plant tissues, the large pools of endogenous phosphate,
and the presence of pre-existing phosphorylation in the
proteins.

The phosphorylated D1, D2, and CP43 proteins of
PS II have been found to have a slightly slower elec-
trophoretic mobility than the corresponding nonphos-
phorylated proteins (Callahan et al., 1990; de Vitry
et al., 1991; Elich et al., 1992; Rintamäki et al., 1997).
Use of this electrophoretic property in combination
with specific antibodies against each individual pro-
tein has allowed studies of changes in protein phospho-
rylation status under different conditions (Elich et al.,
1992; Rintamäki et al., 1997). This approach has mostly
been used for studies of D1 protein phosphorylation.
Successful application of this technique is limited to
well-characterized proteins and requires the use of spe-
cific antibodies that cross-react exclusively with either
phospho- or dephospho-forms of the protein.

Phosphothreonine antibodies have also been used
in studies of thylakoid protein phosphorylation
(Rintamäki et al., 1997; Rintamäki and Aro, 2001).
This method has an advantage over labeling experi-
ments in allowing the detection of endogenous levels
of thylakoid protein phosphorylation in vivo under par-
ticular environmental conditions. It is also suitable for
studies on the regulation of thylakoid protein phospho-
rylation using intact chloroplasts, isolated thylakoid
membranes, or membrane subfractions. However, se-
rious attention should be paid to the fact that the im-
munoreactivity with different commercial antibodies
differs between various phosphoproteins, and the lin-
earity of the immunoreactivity should be monitored in
each case (Rintamäki et al., 1997). Moreover, the use
of phosphothreonine antibodies is rather limited to the
detection of only four or five major thylakoid phospho-
proteins (Aro et al., 2004).

Recent developments in proteomics and mass spec-
trometry have allowed the detection of phosphoproteins
by measuring the phosphorylation-induced change in
the mass of intact proteins. Analysis of the chloro-
plast grana proteome by liquid chromatography mass
spectrometry (LCMS) has confirmed the phosphory-
lation of full-length D1, D2, CP43, PsbH, and two
LHCII polypeptides (Gomez et al., 2002). Three dif-
ferent phosphorylated forms of the recently character-
ized thylakoid-associated chloroplast phosphoprotein
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TSP9 have also been detected by matrix-assisted
laser desorption/ionization (MALDI) mass spectrom-
etry (Carlberg et al., 2003). Measurement of the in-
tact protein mass provides strong indication for protein
modification, but requires complementary mapping of
the phosphorylation site(s) in the protein.

Sequencing of phosphopeptides obtained by prote-
olysis of phosphorylated thylakoid proteins has pro-
vided most of the presently available information on
the exact phosphorylation sites (Michel and Bennett,
1987; Michel et al., 1988, 1991; Vener et al., 2001;
Carlberg et al., 2003; Hansson and Vener, 2003).
Conventional chemical sequencing of phosphopeptides
corresponding to the N-termini of thylakoid proteins
has been rather limited (Michel and Bennett, 1987) be-
cause many of these peptides are N-terminally blocked
(Michel et al., 1988, 1991; Vener et al., 2001; Hansson
and Vener, 2003; Turkina et al., 2004). Application of
mass spectrometry has been most efficient for mapping
of the phosphorylation sites in thylakoid proteins. Mass
spectrometry analysis can now be combined with plant
genomic sequence information. The sequencing of
phosphopeptides selected from a complex peptide mix-
ture identifies both the site of the phosphorylation and
the parent phosphoprotein. This has led to direct analy-
ses of the phosphopeptides from thylakoid membranes
without prior isolation of individual proteins or pro-
tein complexes (Vener et al., 2001; Hansson and Vener,
2003; Turkina et al., 2004). Identification of nine in
vivo protein phosphorylation sites in the thylakoids of
Arabidopsis thaliana has been achieved by “shaving”
of the surface-exposed domains of thylakoid proteins
with trypsin, following enrichment of the phospho-
peptides by immobilized metal affinity chromatog-
raphy and their subsequent sequencing using mass
spectrometry (Vener et al., 2001; Hansson and Vener,
2003).

B. Identified Thylakoid Phosphoproteins

A different number of phosphoproteins has been de-
tected in thylakoids from different plants (Bennett,
1977; Cheng et al., 1994; Vener et al., 1995; Rintamäki
et al., 1997; Gomez et al., 2002; Hansson and
Vener, 2003) and algal species (de Vitry et al., 1991;
Fleischmann et al., 1999; Depege et al., 2003). Decisive
proof for phosphorylation of any protein should include
the determination of the phosphoamino acid in the pro-
tein sequence. This task has been accomplished for the
major thylakoid phosphoproteins. A summary of the
known phosphorylation sites in thylakoids is presented
in Table 1. These principal biochemical data form the

basis for addressing the questions on the physiological
significance of the distinct phosphorylation events by
means of molecular biology and reversed genetics. Ac-
cordingly, I make a classification of these phosphory-
lated proteins and then analyze the published informa-
tion on each of these phosphoproteins in the following
parts of this chapter.

In addition to the proteins with the mapped phos-
phorylation sites (Table 1), another set of proteins has
been advocated to undergo phosphorylation in the pho-
tosynthetic membranes. The subunit V of cytochrome
bf complex in Chlamydomonas reinhardtii has been re-
ported to be reversibly phosphorylated upon state tran-
sitions (Hamel et al., 2000). It was radio-labeled in the
alga incubated with radioactive phosphate and identi-
fied as a 15.2-kDa polypeptide encoded by the nuclear
gene PETO (Hamel et al., 2000; Finazzi et al., 2001).
Phosphorylation of subunit V was proposed to be in-
volved in signal transduction during redox-controlled
short and long term adaptation of the photosynthetic
apparatus in eukaryotes (Hamel et al., 2000; Finazzi
et al., 2001).

The thylakoid protein kinases (TAKs), represented
by three family members in A. thaliana, have been
shown phosphorylated by immunoblotting with anti-
phosphothreonine and anti-phosphoserine antisera
(Snyders and Kohorn, 1999). The thylakoid kinase Stt7
in C. reinhardtii has also been suggested to undergo in
vivo phosphorylation (Depege et al., 2003). This pro-
posal was based on indirect evidence showing a shift in
the electrophoretic mobility of the protein after treat-
ment of thylakoids with a phosphatase (Depege et al.,
2003). TAKs and Stt7 have been implied in phospho-
rylation of LHCII and state transitions (Snyders and
Kohorn, 1999, 2001; Depege et al., 2003). Phospho-
rylation of other thylakoid proteins, including LHCII,
was reduced in antisense TAK1 Arabidopsis mutants
(Snyders and Kohorn, 2001). The activity of all of these
protein kinases and their regulation was suggested to
be part of a possible cascade of redox-controlled thy-
lakoid protein phosphorylation (Snyders and Kohorn,
1999, 2001; Depege et al., 2003). Thus, elucidation
of the phosphorylation sites in these enzymes and of
the distinct protein kinases involved in modification of
each of them may provide a key to understanding the
complex regulatory network in thylakoid and chloro-
plast signal transduction. The low abundance of these
enzymes is a major challenge in characterization of
their posttranslational modifications.

Application of LCMS for measurement of masses of
intact integral membrane proteins from pea thylakoids
gave a strong indication for phosphorylation of the
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Table 1. Phosphorylation sites in thylakoid proteins. A single letter amino acid code is used in the sequences with the low case t
and s designating phosphorylated threonine and serine, correspondingly. Ac- designates the N-terminal acetylation of the peptides.

Protein Species Phosphopeptide sequence Reference

D1 Spinach Ac-tAILGRR (Michel et al., 1988)
Arabidopsis Ac-tAILER (Vener et al., 2001)

D2 Spinach Ac-tIAVGK (Michel et al., 1988)
Arabidopsis Ac-tIALGK (Vener et al., 2001)

CP43 Spinach Ac-tLFNGTLTLAGR (Michel et al., 1988)
Arabidopsis Ac-tLFNGTLALAGR (Vener et al., 2001)

PsbH Spinach AtGTVESSSR (Michel and Bennett, 1987)
Arabidopsis AtQTVEDSSR (Vener et al., 2001)
ArabidopsisArabidopsis AtQtVEDSSR (Vener et al., 2001)

LHCII SpinachSpinach Ac-RKtAGKPKT (Michel et al., 1991)
Spinach Ac-RKtAGKPKN (Michel et al., 1991)
Spinach Ac-RKsAGKPKN (Michel et al., 1991)
Spinach Ac-RRtVKSAPQ (Michel et al., 1991)
Arabidopsis Ac-RKtVAKPK (Vener et al., 2001)

CP29 Maize AGGIItRFESSE (Testi et al., 1996)
Arabidopsis Ac-RFGFGtK (Hansson and Vener, 2003)
C. reinhardtii Ac-VFKFPtPPGTQK (Turkina et al., 2004)

PsaD Arabidopsis EKtDSSAAAAAAPATK (Hansson and Vener, 2003)
TMP14 Arabidopsis ATtEVGEAPATTTEAETTE (Hansson and Vener, 2003)
TSP9 Spinach GGtTSGK (Carlberg et al., 2003)

Spinach KGtVSIPSK (Carlberg et al., 2003)
Spinach SSGStSGK (Carlberg et al., 2003)

PsbT protein (Gomez et al., 2002). In this study, the
mature PsbT protein of PS II was assigned a mass of
4,032 Da. The putative phosphorylated form of the pro-
tein was found to have a mass increased by 80 Da, cor-
responding to incorporation of a phosphoryl group in
the protein (Gomez et al., 2002). Detection of this pre-
viously unidentified thylakoid phosphoprotein shows
the power of intact protein analysis by LCMS. The site
of phosphorylation in PsbT, as well as the role of its
phosphorylation in the function of PS II remains to be
determined.

Tyrosine phosphorylation of a set of thylakoid pro-
teins including LHCII has been reported (Tullberg
et al., 1998). This suggestion was based mainly on
the results of immunoblotting analysis with an anti-
phosphotyrosine antibody. However, the recent use
of antibodies against phosphotyrosine did not reveal
any change in the immunoreactivity of thylakoid pro-
teins under changing environmental conditions or in
response to redox state of chloroplasts (Rintamäki
and Aro, 2001). Tyrosine phosphorylation of thylakoid
proteins has not been confirmed by phosphoamino
acid analysis or phosphopeptide sequencing. Thus, the
specificity of cross reaction of anti-phosphotyrosine
antibodies with thylakoid proteins has been questioned
(Rintamäki and Aro, 2001). At present, there are no
convincing data on tyrosine phosphorylation of thy-
lakoid proteins.

C. Characteristics and Classification of
Thylakoid Phosphoproteins

All of the known thylakoid proteins shown to be
phosphorylated undergo this modification at threonine
residues (Table 1). Only one LHCII polypeptide from
spinach (Table 1) has been found phosphorylated at a
serine residue (Michel et al., 1991). Selective threo-
nine phosphorylation of proteins is rather unusual for
the majority of eukaryotic serine/threonine kinases and
may be considered a unique feature of the thylakoid
protein phosphorylation system.

Most of the thylakoid membrane proteins phospho-
rylated at the N-terminal threonine residues are also
amino-acetylated (Table 1). Formation of N-acetyl-O-
phosphothreonine is a specific trait of D1, D2, and
CP43 that classifies them as a distinct group of thy-
lakoid phosphoproteins. Importantly, these features
have been suggested as determinants of the substrate
specificity of the PP2A-like thylakoid membrane pro-
tein phosphatase (Vener et al., 1999, 2001) and the
rapid dephosphorylation of these PS II core proteins
at elevated temperatures (Rokka et al., 2000). In con-
trast, the PsbH protein of PS II can be phosphorylated
at threonine 2 and threonine 4 (Table 1) and also dif-
fers from D1, D2, and CP43 in the environmentally
dependent changes in phosphorylation, as discussed
below.
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The light-harvesting proteins of PS II are the most
abundant phosphoproteins in thylakoid membranes and
include different subunits of LHCII and the minor
chlorophyll-binding protein CP29. Most of the charac-
terized LHCII polypeptides are phosphorylated at the
N-terminal threonine 3 (Table 1), and the presence of
basic amino acid residues on both sides of the phos-
phorylation sites seems important (Table 1). This re-
quirement was shown by experiments with synthetic
peptides used as the substrates for redox-dependent
thylakoid kinases (Michel et al., 1991). In the same
study, it was concluded that acetylation of the amino
termini of LHCII-like peptides was not required for
their phosphorylation. CP29 is phosphorylated at posi-
tion 6 both in Arabidopsis (Hansson and Vener, 2003)
and the green alga C. reinhardtii (Turkina et al., 2004).
The amino acid sequences around these phosphoryla-
tion sites are similar to those for phosphorylated LHCII
polypeptides (Table 1). A second phosphorylation site,
corresponding to position 83, was reported in CP29
from maize (Table 1). The phosphorylated sequence
has been considered unique among thylakoid proteins
since it met the phosphorylation site requirements for
casein kinases (Testi et al., 1996).

Three recently identified phosphoproteins, TSP9,
TMP14, and PsaD (the first phosphoprotein found in
PSI), do not have sequences around their phosphoryla-
tion sites that are similar to those of either PS II-core
proteins or LHCII polypeptides (Table 1). TMP14 is an
intrinsic membrane protein (Hansson and Vener, 2003).
In contrast, TSP9 and PsaD are peripheral proteins as-
sociated with the stromal side of thylakoid membranes.
TSP9 differs from the other thylakoid proteins in that
it can be phosphorylated at three different threonine
residues that are situated in the middle portion, and not
at the N-terminus, of the protein (Carlberg et al., 2003).

D. Assessing Changes in the Stoichiometry
of Protein Phosphorylation

The first determination of the extent of phosphory-
lation was done for Lhcb1 and Lhcb2 polypeptides
of LHCII by quantitative SDS-PAGE and scintillation
counting after phosphorylation of isolated spinach thy-
lakoids with radioactive ATP (Islam, 1987). Success-
ful measurements of the phosphorylation level for the
PS II protein D1 has been also achieved by densito-
metric quantification of the immunoblots and autora-
diograms after separation of phosphorylated and non-
phosphorylated forms of the protein by SDS-PAGE
(Callahan et al., 1990; Elich et al., 1992; Rintamäki
et al., 1996a). The stoichiometry of in vivo D1 phospho-

rylation under different conditions was assessed by im-
munoblotting with anti-phosphothreonine antibody as
well (Rintamäki et al., 1997). All of these experiments
were based on SDS-PAGE separation of thylakoid pro-
teins prior to the analyses. An alternative approach
is based on LCMS analyses of the peptides released
by trypsin from the surface of thylakoid membranes
(Vener et al., 2001). In this case, the stoichiometry of
in vivo phosphorylation for individual proteins is deter-
mined by measuring the ratio of the phosphorylated to
non-phosphorylated peptide originating from the same
protein present in thylakoid membranes isolated in the
presence of phosphatase inhibitors. This technique al-
lowed monitoring of phosphorylation changes in D1,
D2, CP43, and PsbH proteins, but was not quantita-
tive for LHCII phosphorylation because of alternative
cleavage of these polypeptides by trypsin (Vener et al.,
2001). Assessing the extent of phosphorylation by all of
the methods listed above confirmed the dynamic nature
of thylakoid protein phosphorylation and demonstrated
that, normally, none of the thylakoid proteins is com-
pletely phosphorylated (Elich et al., 1992; Rintamäki
et al., 1996a, 1997; Vener et al., 2001; Booij-James
et al., 2002).

The maximal phosphorylation level of Lhcb1 and
Lhcb2 polypeptides of LHCII in vitro corresponds to
22–25% of the total amount of these proteins (Islam,
1987). Importantly, in vivo phosphorylation of LHCII
has been found to occur only at light intensities lower
than those used for normal plant growth, which has
led to the question of the physiological role of LHCII
phosphorylation (Rintamäki et al., 1997; Haldrup et al.,
2001; Rintamäki and Aro, 2001). The highest ex-
tent of D1 protein phosphorylation, corresponding to
80–90% of protein content, has been detected only
under reducing conditions in vitro (Elich et al., 1992)
or at high light intensities in vivo (Rintamäki et al.,
1997). The extent of in vivo phosphorylation for D1,
D2, CP43, and PsbH proteins in A. thaliana under stan-
dard growth conditions corresponded to about 30–50%,
being higher in the leaves harvested during the day-
time (Vener et al., 2001). The only rapid and significant
changes during light-dark transition were found for the
phosphorylation of threonine 4 in PsbH (Table 1). The
level of in vivo phosphorylation of PS II core proteins
was found to be highly susceptible to elevated tempera-
tures, indicating an involvement of this reversible pro-
tein modification in response of plants to heat stress
(Rokka et al., 2000; Vener et al., 2001). In this re-
spect, the measurements of in vivo protein phospho-
rylation levels has started to shift the concept for thy-
lakoid protein phosphorylation in photosynthesis from
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the direct regulation of the electron flow to the involve-
ment in adaptive responses under stress conditions
(Giardi et al., 1996, 1997; Rokka et al., 2000; Vener
et al., 2001).

III. Reversible Phosphorylation of
Photosystem II (PS II) Proteins

A. What is the Role of PS II
Phosphorylation?

Phosphorylation of PS II core proteins was first sug-
gested to regulate the electron transfer activity in this
photosystem. Decrease of the maximum capacity of
PS II electron transfer upon phosphorylation of chloro-
plast thylakoids has been reported (Horton and Lee,
1984). In contrast, a study on thylakoid membranes
with differentially phosphorylated PS II or LHCII pro-
teins led other authors to conclude that phosphory-
lated PS II polypeptides continued to support high rates
of electron transport (Harrison and Allen, 1991). The
binding properties of the secondary quinone acceptor
site of PS II, Q(B), were found to be unaffected by phos-
phorylation (Harrison and Allen, 1991). However, re-
duced binding of photosynthetic herbicides at this site
due to the phosphorylation of PS II core proteins was re-
ported in another study (Giardi et al., 1992). It was pro-
posed that phosphorylation of PS II polypeptides mod-
ifies the Q(B) pocket and regulates electron transfer by
changing the quinone binding affinity of PS II (Giardi
et al., 1992, 1995). In a more recent study focused on the
relationship between PS II phosphorylation and elec-
tron transport activity, individual electron transport re-
actions in PS II were measured in PS II membranes with
different levels of protein phosphorylation (Mamedov
et al., 2002). The extent of D1 protein phosphorylation
in the analyzed PS II membranes varied from 10% to
58%. Despite some minor changes in the properties of
the differentially phosphorylated PS II, the major con-
clusion of this study was that there was no direct link
between the phosphorylation of PS II core polypeptides
and electron transfer activity or oxygen evolution by
PS II.

PS II undergoes photoinhibition at light intensi-
ties beyond those saturating for photosynthesis (Greer
et al., 1986; Cleland et al., 1990; Aro et al., 1993). It was
reported that phosphorylation of thylakoid membrane
proteins partially protects PS II against photoinhibition
(Horton and Lee, 1985). The study of differentially
phosphorylated thylakoids also suggested that phos-
phorylation of PS II polypeptides is required for PS II

function at high light intensities (Harrison and Allen,
1991). On the other hand, the phosphorylation of D1,
D2, CP43, and PsbH proteins was correlated with the
decline of PS II activity during high irradiance treat-
ments (Giardi et al., 1994). Phosphorylation of PS II
proteins was also proposed as an early stage of photoin-
hibition involved in the disassembly of the photosys-
tem prior to degradation of D1 protein (Giardi, 1993).
However, in later studies the rate of photoinactivation
of PS II electron transport and oxygen evolution was
not found to be affected by PS II protein phosphory-
lation in thylakoids from different plants (Koivuniemi
et al., 1995; Rintamaki et al., 1996b). A consensus in
the interpretation of the contradictory data in this field
could probably be found if the dynamics of photoin-
hibition and its relation to the repair of the damaged
PS II are taken into account. At present, it looks plau-
sible that PS II core protein phosphorylation does not
directly influence PS II susceptibility to photoinactiva-
tion and damage but is crucial for the repair cycle of
the damaged PS II.

Continuous functioning of PS II requires coordi-
nated processes of lateral migration of the inacti-
vated photosynthetic units from grana to stroma re-
gions of the thylakoid membrane and their replacement
(Ghirardi et al., 1990, 1993; Andersson and Aro, 1997;
van Wijk et al., 1997; Baena-Gonzalez et al., 1999).
The inactivation of PS II is directly proportional to
light intensity (Tyystjarvi and Aro, 1996), but the pho-
toinhibition of PS II appears only at high light intensi-
ties when the rate of inactivation exceeds that of PS II
replacement (Andersson and Aro, 1997, 2001; Baena-
Gonzalez et al., 1999). The light-induced inactivation
of PS II is a consequence of the inactivation of the
D1 reaction center protein, which has to be degraded
and substituted with a newly synthesized copy (Ohad
et al., 1984; Mattoo and Edelman, 1987; Andersson
and Aro, 2001). This turnover of D1 is a key event in
the turnover of PS II. Importantly, dephosphorylation
of the photoinactivated D1 has been revealed as a pre-
requisite for its degradation (Koivuniemi et al., 1995;
Rintamäki et al., 1996a; Andersson and Aro, 1997).
The dephosphorylation of D1 as a control step for pro-
teolysis of the damaged protein is so far the most fea-
sible regulatory role suggested for the reversible phos-
phorylation of the PS II core proteins. The dephos-
phorylation of D2, CP43, and PsbH proteins has also
been found to be involved in the partial disassembly of
PS II monomers that migrate to the stroma regions of
thylakoids (Baena-Gonzalez et al., 1999). Accordingly,
the present paradigm considers the physiological role
for reversible phosphorylation of PS II polypeptides in
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Fig. 1. Reversible protein phosphorylation during repair cycle of PS II in thylakoids of higher plants. The cycle includes light-induced
phosphorylation of PS II proteins in the grana regions of thylakoids, migration of phosphorylated PS II monomers with the damaged
D1 protein to the stroma membrane domains, sequential dephosphorylation of PS II polypeptides that leads to partial disassembly
of PS II core complexes, proteolysis of the photodamaged D1, co-translational insertion of new D1 polypeptide in the remaining
PS II complex, final assembly of the repaired PS II and its migration in the grana. The scheme shows only the PS II proteins that
undergo reversible phosphorylation during the cycle. The membrane protein phosphatase responsible for dephosphorylation of PS II
core polypeptides and luminal PPIase TLP40 regulating the phosphatase and probably assisting in folding of PS II polypeptides are
also shown in the scheme.

the context of the PS II turnover cycle (Andersson and
Aro, 2001; Rintamäki and Aro, 2001; Aro and Ohad,
2003).

B. Reversible Phosphorylation and
Turnover of D1 Protein

The D1 protein is a central functional subunit of PS II,
with a light-induced turnover rate higher than that of
any other thylakoid polypeptide (Mattoo et al., 1981).
D1 and PS II assembly as a whole undergoes a cyclic
process, which is schematically outlined in Fig. 1.
The “repair” cycle includes migration of PS II units
containing the photoinactivated D1 from grana to
stroma regions of thylakoids, partial disassembly of PS
II complexes, degradation of D1 by specific proteases,
co-translational insertion of the newly synthesized
D1 copy in the remaining PS II complex (Andersson
and Aro, 1997, 2001; Zhang et al., 1999; Rintamäki

and Aro, 2001), and final assembly into functional
PS II that migrates back to the stacked grana regions
of thylakoids (Mattoo and Edelman, 1987). It has
been demonstrated that degradation of the D1 protein
necessitates this repair cycle (Aro et al., 1992; Ebbert
and Godde, 1994, 1996; Rintamäki et al., 1995). The
study of D1 turnover in isolated chloroplasts revealed
that only the dephosphorylated protein was degraded,
while D1 phosphorylated by light-activated kinase
was not a subject for proteolysis (Ebbert and Godde,
1996). The proteolytic stability of phosphorylated
D1 was also increased under conditions of reduced
phosphatase activity in vitro (Koivuniemi et al., 1995).
In leaves, the degradation of damaged D1 is prevented
by sodium fluoride (Rintamäki et al., 1996a), an
inhibitor of thylakoid protein phosphatases (Ben-
nett, 1980). Accordingly, it has been suggested that
dephosphorylation is a prerequisite for degradation
of the damaged D1 (Rintamäki et al., 1996a). After
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dephosphorylation, D1 is degraded (Fig. 1). Two
different proteases, DegP2 (Haussuhl et al., 2001) and
FtsH (Lindahl et al., 2000), have been implicated in
the D1 degradation process. Thus, dephosphorylation
of D1 allows for its degradation, necessitating the
insertion of a new D1 copy into the temporarily
dysfunctional PS II unit, thereby completing the
‘repair’ cycle (Andersson and Aro, 1997).

So far, only a single PS II-specific thylakoid mem-
brane protein phosphatase has been identified (Vener
et al., 1999). This PP2A-like protein phosphatase cat-
alyzes the rapid and complete dephosphorylation of D1
(Vener et al., 1999; Rokka et al., 2000) and is presum-
ably localized in the non-appressed membranes (Fig.
1) where it is anticipated to interact with a cyclophilin,
TLP40 (Fulgosi et al., 1998; Vener et al., 1999; Rokka
et al., 2000), as described below.

Reversible phosphorylation of the D1 protein has
been found only in seed plants but not in mosses,
liverworths, ferns, algae, or cyanobacteria (Rintamaki
et al., 1996b; Pursiheimo et al., 1998; Rintamäki and
Aro, 2001). Comparison of D1 turnover rates in higher
plant and moss thylakoids under conditions promot-
ing protein phosphorylation and PS II photoinhibition
revealed a faster degradation of the moss D1 protein
(Rintamaki et al., 1996). The specific phosphorylation
of the D1 protein, causing retardation of its proteolysis
in higher plants, has been suggested to have evolved in
order to adapt the PS II repair cycle to the highly or-
ganized structure of the higher plant thylakoids with
stacked grana and unstacked stroma membrane do-
mains (Rintamäki and Aro, 2001; Aro and Ohad, 2003).
It is worth noting that other hypothesis (Booij-James
et al., 2002) proposed that the reversible phosphoryla-
tion of D1 in higher plants evolutionary replaced mul-
tiple D1 DNA copies in cyanobacteria for regulation
of PS II core metabolism. Phosphorylation of D1 in
the grana regions (Callahan et al., 1990) may serve
to maintain the integrity of inactivated PS II during
migration to the stroma membrane regions for dephos-
phorylation, degradation, and substitution of the inac-
tivated protein with the newly synthesized polypeptide.
Reversible phosphorylation of the other PS II core pro-
teins proceeds along with that for D1 in the same cycle
(Fig. 1) and likely serves a complementary role in the
PS II repair process.

C. Reversible Phosphorylation of D2, CP43,
and PsbH Proteins During PS II Turnover

As is the case for the D1 protein, phosphorylation of
the other polypeptides of the PS II core, namely D2,

CP43, and PsbH, does not appear to be involved in
a direct regulation of electron transport and oxygen
evolution by this photosystem. Particularly, this was
demonstrated by modification of the phosphorylation
sites in D2 (Andronis et al., 1998; Fleischmann and
Rochaix, 1999) and PsbH (O’Connor et al., 1998) of C.
reinhardtii. On the other hand, reversible protein phos-
phorylation of these proteins in thylakoids of higher
plants was found to be closely related to the lateral
migration of PS II between the different structural do-
mains of the membrane system during the repair cy-
cle. The phosphorylation of all PS II core polypeptides
occurs in the grana regions of thylakoids (Ebbert and
Godde, 1996; Baena-Gonzalez et al., 1999; Rintamäki
and Aro, 2001). The conversion of isolated dimers
of PS II to monomers was found to occur in their
non-phosphorylated but not the phosphorylated forms,
when studied in vitro (Kruse et al., 1997). However,
equivalent phosphorylation was found in both dimers
and monomers of PS II in vivo (Baena-Gonzalez et al.,
1999), as illustrated in Fig. 1. The phosphorylated
monomers migrated to the stroma regions of thylakoids
where a stepwise dephosphorylation of CP43, D2, and
D1 proteins has been demonstrated (Baena-Gonzalez
et al., 1999). First, CP43 was dephosphorylated and
then detached from the PS II core (Fig. 1). Second,
D2 and D1 were dephosphorylated. Thus, it was sug-
gested that phosphorylation of the PS II core proteins
ensures the integrity of the monomers until repair can
proceed, while dephosphorylation of CP43 and D2 pro-
teins opens the complex for dephosphorylation of D1,
its proteolysis, and the attachment of ribosomes insert-
ing a new polypeptide (Baena-Gonzalez et al., 1999).

The reversible phosphorylation of PsbH has not been
followed in the study of oligomeric PS II structures
isolated from grana and stroma regions of thylakoids
(Baena-Gonzalez et al., 1999). Nevertheless, an earlier
study reported that dephosphorylation of both PsbH
and CP43 proteins in thylakoids by exogenous alka-
line phosphatase resulted in an extreme sensitivity of
PS II to strong illumination (Giardi et al., 1994). It
is reasonable to assume that the PsbH protein plays a
role in the process of PS II disassembly and assembly
(Fig. 1). The requirement of PsbH for assembly and
stability of PS II was demonstrated in C. reinhardtii
(Summer et al., 1997). A functional PsbH was also
found to be necessary for rapid degradation of pho-
toinactivated D1 and insertion of newly synthesized
D1 molecules into thylakoid membrane of cyanobac-
teria (Bergantino et al., 2003). While the N-terminal ex-
tension containing the phosphorylation sites is typical
only for eukaryotic PsbH proteins (Vener et al., 2001;
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Gomez et al., 2002; Hansson and Vener, 2003), the
characteristics of this phosphoprotein suggest its in-
volvement in the assembly and disassembly of PS II
(Giardi, 1993). Phosphorylation of PsbH differs from
that of other PS II core proteins in two aspects. Firstly,
PsbH has two phosphorylation sites (Table 1) and thre-
onine 4 of the protein undergoes rapid reversible phos-
phorylation in response to light/dark transitions. This
process is considerably faster than reversible phospho-
rylation of D1, D2, CP43 as well as of the threonine
2 in PsbH (Vener et al., 2001). Secondly, the phos-
phorylation sites in PsbH show principal sequence dif-
ferences from those in D1, D2, and CP43 (Table 1).
This difference may explain the slower dephosphory-
lation rates for phosphorylated PsbH compared to other
PS II core phosphoproteins by the specific heat-shock-
induced protein phosphatase, as discussed below.

D. Phosphorylation of PS II During
Adaptive Responses

Phosphorylation of PS II polypeptides inhibits D1 pro-
tein turnover and increases PS II stability upon high
light stress (Giardi, 1993; Ebbert and Godde, 1996;
Baena-Gonzalez et al., 1999). Additionally this phos-
phorylation is likely involved in the maintenance and
regulation of PS II turnover under different stress con-
ditions. Thus, subjecting spinach to combined mag-
nesium and sulfur deficiency was found to be accom-
panied by changes in D1 protein phosphorylation and
turnover (Dannehl et al., 1995). In the first stages of
the deficiency, the turnover of D1 was increased and
D1 phosphorylation maintained in the dark. This led to
a higher stability of active PS II supported by the effi-
cient turnover of D1 protein (Dannehl et al., 1995). Pro-
longed stress for a few weeks, however, led to the degra-
dation of the photosynthetic apparatus and chlorosis.
Increase in the protein phosphorylation of PS II has
been also found in plants in response to water deficient
conditions (Giardi et al., 1996).

The phosphorylation of D1 and D2 proteins has been
related to the process of photoprotective energy dissi-
pation in plants under different environmental condi-
tions. Energy dissipation is important for plant survival
when leaves absorb more light energy than can be uti-
lized for photosynthesis. The dissipation of the excess
energy involves the xanthophyll cycle and the accumu-
lation of deepoxidized pigments antheraxanthin and
zeaxanthin (Niyogi et al., 1998; Muller et al., 2001).
Chilling treatment of rice was found to decrease the
photochemical efficiency of PS II in parallel with an in-
crease in the level of zeaxanthin. Phosphatase inhibitors
increased the rate of zeaxanthin accumulation under

these conditions, as well as during dark-incubation of
leaves at the normal temperature after chilling (Xu
et al., 1999). A correlation was also found between
dark-sustained phosphorylation of D1 and D2 proteins
and dark-sustained zeaxanthin retention and mainte-
nance of PS II in a state primed for energy dissipation
in plants subjected to high light stress (Ebbert et al.,
2001). Nocturnal retention of zeaxanthin and anther-
axanthin, and their sustained engagement in a state
primed for energy dissipation, have also been observed
in the leaves/needles of sun-exposed evergreen species
during winter (Adams et al., 2001, 2002). Phospho-
rylation of D1 and D2 polypeptides has been found
retained along with retention of zeaxanthin and an-
theraxanthin and PS II remained primed for energy
dissipation during nights with subfreezing tempera-
tures, while this was rapidly reversed upon exposure
to increased, non-freezing temperatures (Adams et al.,
2001). In contrast to the wintertime, no nocturnal re-
tention of zeaxanthin and antheraxanthin was found
prior to sunrise on warm summer mornings (Barker
et al., 2002). It is plausible that sustained phosphory-
lation of PS II polypeptides favors a structure of PS II
and its interaction with light harvesting antennae that
facilitate better nonphotochemical energy dissipation
under stressful environmental conditions, particularly
high light and low temperature.

The CP29 antenna protein of PS II has been found
phosphorylated after exposure of Zea mays plants to
high light in the cold (Bergantino et al., 1995). Phos-
phorylation of this minor light-harvesting polypeptide
following chilling treatment in the light has been as-
sociated with the resistance of maize plants to cold
stress (Bergantino et al., 1995). Induction of CP29
phosphorylation by cold has also been found in bar-
ley (Bergantino et al., 1998), as well as in winter rye
upon high light and cold treatment (Pursiheimo et al.,
2001). Recent work on the structure of the PS II super-
complexes has localized CP29 between PS II dimers
and LHCII trimers associated with the photosystem
(Yakushevska et al., 2003). This localization also sup-
ports an important role of CP29 in the stabilization of
oligomeric PS II structure (Yakushevska et al., 2003).
Thus, cold- and high light-induced phosphorylation of
this protein may stabilize PS II in a way similar to
that of PS II core protein phosphorylation following
high light treatment. Moreover, localization of CP29
between the PS II core and the major LHCII antennae
may also contribute to more efficient photoprotective
energy dissipation upon phosphorylation of CP29 un-
der stressful conditions.

Contrary to the sustained phosphorylation of PS II
proteins in chilling and cold stress conditions,
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extremely fast dephosphorylation of these polypeptides
has been observed during short heat shock treatments
of both plant leaves and isolated thylakoids. Studies on
protein dephosphorylation in isolated thylakoids from
spinach and A. thaliana revealed specific acceleration
of dephosphorylation for PS II core proteins at ele-
vated temperatures (Rokka et al., 2000; Vener et al.,
2001). Raising the temperature from 22◦C to 42◦C
resulted in a more than ten-fold increase in the de-
phosphorylation rates of D1 and D2 and CP43 pro-
teins in spinach thylakoids. In contrast, the dephos-
phorylation rates for PsbH and LHCII polypeptides
were accelerated only 2- to 3-fold (Rokka et al., 2000).
The use of a phosphothreonine antibody to measure
in vivo phosphorylation levels in spinach leaves re-
vealed a more than 20-fold acceleration in D1, D2, and
CP43 dephosphorylation induced by abrupt elevation
of temperature, but no increase in LHCII dephospho-
rylation (Rokka et al., 2000). A specific dephosphory-
lation of D1, D2, and CP43 has also been observed
by mass spectrometric techniques after a short heat
shock treatment of A. thaliana leaves (Vener et al.,
2001), although this dephosphorylation was less pro-
nounced than in spinach. It is important to emphasize
that heat-induced dephosphorylation of PS II core pro-
teins occurs on a time scale of minutes (Rokka et al.,
2000; Vener et al., 2001), while continuously high
steady-state phosphorylation of these polypeptides un-
der chilling lasts over days (Adams et al., 2001). Thus,
dynamics of PS II dephosphorylation could be very
flexible depending on the environmental conditions.
The molecular mechanism for the adaptive response
of PS II to an abrupt elevation of temperature con-
sists of the rapid dephosphorylation of CP43, D1, and
D2, which primes the photosystem to a fast turnover
in response to heat shock. The fast decrease in PS II
core protein phosphorylation at high temperatures is
accomplished by the heat-shock-induced PS II-specific
protein phosphatase regulated by the cyclophilin
TLP40.

E. PS II-Specific Protein Phosphatase
and TLP40

A number of different protein phosphatases have been
implied in dephosphorylation of phosphoproteins in
thylakoid membranes (Bennett, 1980; Sun et al., 1989;
Carlberg and Andersson, 1996; Hast and Follmann,
1996; Elich et al., 1997; Hammer et al., 1997; Vener
et al., 1999), although none of them were character-
ized at the molecular/gene level. Most soluble pro-
tein phosphatases isolated from chloroplasts were ef-
ficient in dephosphorylation of LHCII polypeptides

(Sun et al., 1989; Hast and Follmann, 1996; Hammer
et al., 1997). A PS II-specific membrane protein phos-
phatase from spinach thylakoids was purified over a
thousand-fold, using detergent-engaged FPLC and thy-
lakoid phosphopeptides for the enzyme assay (Vener
et al., 1999). The purified enzyme exhibited charac-
teristics typical of eukaryotic Ser/Thr phosphatase of
the PP2A family in that it was inhibited by okadaic
acid and tautomycin, irreversibly bound to microcystin-
agarose, and recognized by a polyclonal antibody
raised against a recombinant catalytic subunit of human
PP2A. Interestingly, okadaic acid has not inhibited pro-
tein phosphatase activity in the intact thylakoid mem-
branes, while the anti-PP2A antibody inhibited protein
dephosphorylation (Vener et al., 1999). When the iso-
lated enzyme was added to the phosphorylated thy-
lakoid membranes, increased rates of dephosphory-
lation were observed for D1, D2, and CP43 proteins
(Vener et al., 1999). A common trait for these three
phosphoproteins is the presence of N-terminal acety-
lated and phosphorylated threonine residues (Table 1),
which was proposed as the reason for the substrate
specificity of the protein phosphatase towards these
PS II core proteins (Rokka et al., 2000; Vener et al.,
2001). The other distinct characteristic of this phos-
phatase was its association with and regulation by
TLP40, a cyclophilin-like peptidyl-prolyl isomerase
(PPIase) located in the thylakoid lumen (Fulgosi et al.,
1998; Vener et al., 1999).

TLP40 was discovered due to its copurification with
the protein phosphatase from the thylakoid membrane
(Fulgosi et al., 1998). The presence of PPIases in plant
chloroplasts was established more then a decade ago
(Breiman et al., 1992; Mattoo, 1998). However, TLP40
was the first complex, multi-domain cyclophilin-like
PPIase found in chloroplasts as well as in plant species
(reviewed in (Vener, 2001; He et al., 2004). The struc-
ture of TLP40 includes a cyclophilin-like C-terminal
segment of 20 kDa, a predicted N-terminal leucine
zipper, and potential phosphatase-binding sites flank-
ing the leucine zipper (Fulgosi et al., 1998; Vener
et al., 1999; Vener, 2001). The isolated protein pos-
sesses peptidyl-prolyl cis-trans isomerase protein fold-
ing activity (Fulgosi et al., 1998). TLP40 is localized
in the thylakoid lumen, interacts with the inner surface
of the thylakoid membrane, and regulates the activ-
ity of the PS II-specific protein phosphatase (Fig. 1).
As judged from immunoblotting analyses, TLP40 ap-
pears to be confined predominantly to the unstacked
thylakoid regions, the site of protein integration into the
photosynthetic membrane (Fulgosi et al., 1998; Vener
et al., 1999). It was proposed that TLP40 has a dual
role in protein folding catalysis and in trans-membrane
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regulation of the PS II-specific protein phosphatase
(Fulgosi et al., 1998; Vener et al., 1998, 1999; Vener,
2001). The recent finding that the major PPIase protein-
folding activity in the soluble lumen is associated
with the cyclophilin TLP20 (Edvardsson et al., 2003;
Romano et al., 2004) but not with TLP40 supports
the suggestion of a specialized regulatory function
for TLP40.

It has been found that binding of Cyclosporin
A, an inhibitor of PPIases, to TLP40 activated thy-
lakoid phosphatase, while PPIase substrates, prolyl-
containing oligopeptides inhibited protein dephospho-
rylation (Fulgosi et al., 1998; Vener et al., 1999). These

experiments required thylakoids be ruptured first to
expose the lumenal membrane surface where TLP40
is located (Vener et al., 1999). Thus, TLP40 may act
as a regulatory subunit of the PP2A-like membrane
phosphatase, modulating activity of the latter at the
outer thylakoid surface. This regulation likely oper-
ates via reversible binding of TLP40 to the inner mem-
brane surface (Fig. 2). Indeed, significant heat shock-
induced activation of the phosphatase coincided with a
temperature-induced release of TLP40 from the mem-
brane into the thylakoid lumen (Rokka et al., 2000).
Moreover, induction of the phosphatase activity by
TLP40 release from the membranes was confirmed
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Fig. 2. Schematic illustration for trans-membrane regulation of PS II-specific membrane protein phosphatase by cyclophilin TLP40.
TLP40 is present in the lumen in soluble and membrane-bound forms. The membrane-bound TLP40 interacts with the lumen-
exposed region of the membrane phosphatase, which suppress the phosphatase activity at the opposite stroma-exposed surface of
the membrane. At high temperatures (35◦C and 42◦C, for spinach), TLP40 is released from the membrane into the lumen, the
phosphatase becomes highly active and dephosphorylates CP43, D2, and D1 polypeptides of PS II in a time scale of several minutes.
The dephosphorylation leads to acceleration of PS II repair cycle. The release of TLP40 from the membrane also increases its PPIase
protein folding activity in the lumen, which can support functional conformation of oxygen evolving complex polypeptides, as well
as folding of newly inserted D1 protein at elevated temperature. Thus, coordination of the phosphatase and PPIase activities at the
opposite sides of the thylakoid membrane may orchestrate PS II biogenesis.
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by phosphatase assays using intact thylakoids, solubi-
lized membranes, and the isolated protein phosphatase
(Rokka et al., 2000).

F. Trans-Membrane Signaling by the
Phosphatase and PS II Biogenesis

Signaling from TLP40 to the protein phosphatase has
been proposed to be involved in the coordination of
PS II dephosphorylation with protein folding (Rokka
et al., 2000; Vener, 2001). Both processes are re-
quired for protein turnover of PS II reaction centers.
A model outlined in Fig. 2 summarizes the experimen-
tal data on the possible trans-membrane signaling by
the PS II-specific thylakoid protein phosphatase. The
protein phosphatase is suggested to have a single trans-
membrane span and a short extension into the thy-
lakoid lumen (Vener et al., 1999; Vener, 2001). The
active sites of the phosphatase and TLP40 PPIase are
situated on opposite sides of the thylakoid membrane
(Fig. 2). Accordingly, the dephosphorylation of D1, D2,
and CP43 proteins by the phosphatase proceeds at the
stroma-exposed surface of the membrane. TLP40 is lo-
calized in the thylakoid lumen and distributed between
the membrane and the soluble fractions (Fulgosi et al.,
1998; Vener et al., 1999). Thus, the PPIase protein fold-
ing activity of TLP40 may be restricted to the proteins
of the lumen and the lumen-exposed domains of inte-
gral thylakoid membrane proteins. The dissociation of
TLP40 from the membrane surface upon abrupt eleva-
tion of temperature activates the PS II-specific protein
phosphatase (Fig. 2). The phosphatase may rapidly de-
phosphorylate CP43, D2, and D1 proteins and allow for
disassembly of the PS II monomers migrated to the non-
appressed regions of thylakoids. The dephosphoryla-
tion may trigger degradation of D1, its substitution by a
newly synthesized polypeptide, and the following steps
of biogenesis and final assembly of functional PS II. In
parallel with these events, the release of TLP40 from
the membrane may increase protein-folding activity in
the lumen that may ensure the sustained active con-
formation of the oxygen evolving complex polypep-
tides at high temperatures, as well as accelerate folding
of the proteins newly inserted into the luminal space.
The reversible interaction of TLP40 and the membrane
phosphatase provides a potential molecular mechanism
for trans-membrane signaling and synchronization of
the degradation, synthesis, assembly, and folding of
PS II polypeptides at both sides of the thylakoid mem-
brane. A strong coordination of the numerous steps of
PS II biogenesis and assembly is obviously required for

maintenance of the functional photosynthetic machin-
ery under stressful environmental conditions.

G. Reversible Phosphorylation of LHCII
Polypeptides and State Transitions

The major polypeptides of the PS II light harvesting
antenna, LHCII, undergo dynamic light- and redox-
dependent reversible phosphorylation both in vitro and
in vivo (Allen, 1992; Vener et al., 1995; Rintamäki
et al., 1997; Fleischmann et al., 1999; Haldrup et al.,
2001). For two decades, the major role for LHCII
phosphorylation was ascribed to balancing of absorbed
light energy distribution between the two photosys-
tems, also called state transitions (Allen et al., 1981;
Allen, 1992; Allen and Mullineaux, 2004; Allen and
Forsberg, 2001). According to this concept, phospho-
rylation of the mobile pool of LHCII polypeptides leads
to their detachment from PS II and migration to PS
I (Allen, 1992). However, later studies have revealed
that phosphorylation of LHCII in vivo occurs only at
rather low light intensities and decreases dramatically
at higher irradiances corresponding to normal plant
growth (Rintamäki et al., 1997; Haldrup et al., 2001;
Rintamäki and Aro, 2001). Thus, it has been proposed
that LHCII phosphorylation could regulate the balance
of excitation energy distribution just under moderate
light intensities (Aro and Ohad, 2003). Moreover, the
discovery of a deficiency in state transitions in Ara-
bidopsis plants lacking the PSI-H or PSI-L subunits
but exhibiting functional LHCII phosphorylation ques-
tioned a regulation of state transitions by LHCII phos-
phorylation (Lunde et al., 2000; Haldrup et al., 2001).
When PSI-H was absent, LHCII was not able to attach
to PS I and state transitions did not occur even though
LHCII was highly phosphorylated (Lunde et al., 2000).
In agreement with this, two recent studies have demon-
strated that a significant fraction of LHCII interacting
with PS I was not phosphorylated (Snyders and Kohorn,
2001; Zhang and Scheller, 2004). The dephosphoryla-
tion of LHCII associated with PS I may also result
from the action of the LHCII-specific protein phos-
phatase (Elich et al., 1997). Despite the findings listed
above, involvement of LHCII phosphorylation in state
transitions cannot be completely ruled out (Allen and
Forsberg, 2001). Nevertheless, the original paradigm of
a mobile LHCII bound to PS II or PS I in dephospho-
rylated or phosphorylated form, respectively, certainly
has to be modified.

Transient phosphorylation of the mobile LHCII
polypeptides may be required to overcome a poten-
tial barrier for their detachment from PS II. The fate
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of the released LHCII in the membrane may then be
unrelated to its phosphorylation state. It is probable that
significant light-induced structural changes in LHCII
polypeptides (Zer et al., 1999, 2003; Garab et al., 2002)
could be more important than phosphorylation for the
determination of the interacting partners of free LHCII.
In this respect, the light-dependent dynamics of the
protein complexes in the photosynthetic membrane are
not compatible with the oversimplified model featur-
ing only two states, with LHCII attached to PS II and
phospho-LHCII attached to PS I. Phosphorylation of
LHCII polypeptides may regulate just some individual
steps in the reversible and flexible interactions of these
antenna proteins with both photosystems.

A regulatory role for reversible phosphorylation has
also been proposed in the process of LHCII degrada-
tion when the antenna size of PS II is reduced upon
acclimation of plants from low to high light intensi-
ties. Phosphorylated LHCII polypeptides were found
to be poor substrates for proteolytic degradation during
this process in comparison with the unphosphorylated
LHCII (Yang et al., 1998). In this respect, phosphory-
lation may delay degradation of LHCII in a way similar
to that demonstrated for D1 protein. However, an in-
volvement of LHCII phosphorylation in the regulation
of the size of light-harvesting antennae during accli-
mation still remains to be proven.

H. Differential Phosphorylation of CP29

The phosphorylated CP29 isolated from cold-treated
maize were N-terminally blocked against N-terminal
chemical sequencing (Bergantino et al., 1995), and
was probably acetylated as was shown later for CP29
(LHCb4.2) from A. thaliana (Hansson and Vener,
2003) and for CP29 from the green alga C. reinhardtii
(Turkina et al., 2004). Nevertheless, the phosphoryla-
tion site in maize CP29 has been localized to threonine
residue number 83 (Table 1) by mapping of proteolytic
fragments of the protein (Testi et al., 1996). The site of
phosphorylation in CP29 (LHCb4.2) from Arabidopsis
thaliana and in CP29 from C. reinhardtii (Turkina et al.,
2004) has been localized to a threonine residue at po-
sition 6 of the mature proteins (Table 1). Interestingly,
CP29 from C. reinhardtii revealed a unique characteris-
tic. In contrast to all known nuclear-encoded thylakoid
proteins, the transit peptide in the mature algal CP29
was not removed but processed by methionine excision,
N-terminal acetylation, and phosphorylation on threo-
nine 6 (Turkina et al., 2004). The N-termini of the ma-
ture CP29 from Chlamydomonas and Arabidopsis have
a significant sequence similarity around their phospho-

rylation sites. The importance of this phosphorylation
was proposed as the reason for the unique retention of
the transit peptide in the mature algal CP29 (Turkina
et al., 2004). The difference between phosphorylation
of CP29 in Arabidopsis and in green algae versus phos-
phorylation of CP29 in maize lies in the physiological
conditions inducing these modifications. Phosphoryla-
tion of Arabidopsis and algal proteins was found un-
der standard growth conditions, while phosphorylation
of maize CP29 was induced only by high light in the
cold and on the other threonine residue. Notably, we
have recently detected multiple and differential phos-
phorylation of CP29 depending on the environmental
conditions (M.V. Turkina and A.V. Vener, unpublished
data). Thus, phosphorylation of CP29 protein that is
localized between PS II dimers and LHCII trimers in
this photosystem (Yakushevska et al., 2003) may likely
be involved in a number of responses to the changing
environment.

IV. PsaD: the First Phosphoprotein in PS I

In a recent study on in vivo thylakoid protein phos-
phorylation in A. thaliana plants under normal growth
light conditions, PsaD was identified as the first phos-
phoprotein in PS I (Hansson and Vener, 2003). The
site of PsaD phosphorylation in vivo was mapped
to the first threonine at the N-terminus of the ma-
ture protein (Table 1). The PsaD protein is essential
for a functional PS I in plants and is required for
the proper assembly and stability of this photosystem
(Haldrup et al., 2003). PsaD is a hydrophilic protein that
has no stable three-dimensional structure in solution
(Antonkine et al., 2003), but forms a well-defined three-
dimensional structure when bound to PS I (Fromme
et al., 2001; Antonkine et al., 2003). Thus, the signifi-
cant structural changes and flexibility of PsaD, together
with its control position at the electron donor site of
PS I, may rely on regulatory mechanisms operating via
protein phosphorylation. The finding of PsaD phospho-
rylation opens a new direction in the investigation of
possible PS I regulation by protein phosphorylation.

V. Phosphorylation of Other
Thylakoid Proteins

A. TMP14: a Previously Unknown
Thylakoid Phosphoprotein

During mass spectrometric characterization of
phosphorylated peptides released from thylakoid
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membranes of A. thaliana by trypsin (Hansson and
Vener, 2003), a phosphopeptide from a previously
uncharacterized protein, TMP14, was identified
(Table 1). This protein is annotated as “expressed
protein” in the Arabidopsis database and as a potential
membrane protein with two trans-membrane regions
in the database for Arabidopsis membrane proteins.
It was named TMP14 for thylakoid membrane phos-
phoprotein of 14 kDa (Hansson and Vener, 2003).
TMP14 is encoded by the nuclear gene At2g46820 in
Arabidopsis and has homologous proteins encoded in
the genomes of other plants and cyanobacteria. All of
these proteins contain two potential trans-membrane
helices and well-defined signaling peptides with a
high predicted probability for chloroplast targeting.
Experimental results confirmed localization of TMP14
in the thylakoid membranes of chloroplasts. Topology
prediction for the plant proteins places the N-terminus
of TMP14 on the stromal side of the thylakoid mem-
brane, which is in agreement with phosphorylation of
TMP14 at the membrane surface exposed to chloro-
plast stroma. The phosphorylation site in TMP14
was confined to one of two N-terminal threonine
residues in the sequenced peptide. These residues
correspond to the positions 65 and 66 in the sequence
of the precursor protein. The discovery of phos-
phorylated TMP14 in the photosynthetic membrane
raises questions about the function of this protein,
its binding partners, association with the photosyn-
thetic protein complexes, and the role of its in vivo
phosphorylation.

B. TSP9 and Light-Induced Cell Signaling

The nature of a phosphoprotein with a relative elec-
trophoretic mobility of 12 kDa (Bhalla and Bennett,
1987) has remained elusive during two decades of
studies on redox-dependent protein phosphorylation in
plant thylakoid membranes. This protein has recently
been characterized as a novel plant specific protein
and called TSP9 for thylakoid soluble phosphoprotein
of 9 kDa (Carlberg et al., 2003). Genes encoding ho-
mologous “unknown” proteins were found on chromo-
some 3 of Arabidopsis and rice as well as in ESTs from
more than 20 different plant species but not in any
other organisms. TSP9 is a very basic protein. Mass
spectrometric analyses revealed the existence of non-,
mono-, di-, and tri-phosphorylated forms of TSP9 and
phosphorylation of three distinct threonine residues in
the central part of the protein (Table 1). The nature
of this modification was transient with steady increase
of the protein phosphorylation level upon illumination

(Bhalla and Bennett, 1987; Carlberg et al., 2003).
Light-induced phosphorylation of the protein was as-
sociated with partial release of phosphorylated TSP9
from the thylakoid membrane, which is in contrast to all
other known thylakoid phosphoproteins tightly bound
to the membrane (Carlberg et al., 2003).

The phosphorylation-dependent transient associ-
ation of TSP9 with the photosynthetic membrane
suggests a possible role of this protein in chloroplast
signaling (Fig. 3). Plants acclimate to changes in en-
vironmental light quality and intensity by an adjust-
ment of photosystem stoichiometry and size of the
light-harvesting antennae. Regulation of expression of
both chloroplast-encoded and nuclear-encoded photo-
synthetic genes in photosynthetic organisms by chloro-
plast redox signals, involving the redox state of plas-
toquinone, has been demonstrated (Escoubas et al.,
1995; Pfannschmidt et al., 1999, 2001). Since plasto-
quinone also controls the activation of membrane pro-
tein kinases (Vener et al., 1998), repression of nuclear-
encoded cab genes for light-harvesting polypeptides
may thus be coupled to the redox status of plasto-
quinone via a thylakoid protein kinase that phosphory-
lates a protein dissociating from thylakoids (Escoubas
et al., 1995). TSP9 is a potential candidate for such a
plant cell signaling component (Fig. 3).

VI. Regulation and Role of Thylakoid
Protein Phosphorylation in a
Physiological Context

The recent application of analytical techniques for de-
tection of thylakoid protein phosphorylation in vivo has
uncovered a complex regulation of this process. The co-
operative regulation of LHCII phosphorylation by plas-
toquinone reduction and the ferredoxin-thioredoxin
system has been demonstrated (Rintamäki et al., 2000;
Martinsuo et al., 2003). Feeding of pea leaves with
glucose induced LHCII phosphorylation in darkness,
which demonstrated that sugar metabolism or signal-
ing exerted a control over phosphorylation of LHCII
polypeptides (Hou et al., 2002). Phosphorylation of
CP29 in winter rye has been shown to be induced by
high light specifically at low temperatures (Pursiheimo
et al., 2001). Phosphorylation of the D1 protein in the
higher plant Spirodela oligorrhiza grown under natural
diurnal cycles of solar irradiation has been shown to un-
dergo circadian oscillation (Booij-James et al., 2002).
These oscillations were out of phase with the period of
maximum light intensity. However, light resettled the
phase in the circadian rhythm of D1 phosphorylation
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Fig. 3. Potential model for light-induced cell signaling by phosphorylation of TSP9 and its release from the thylakoid membrane.
Upon illumination of thylakoids, TSP9 is phosphorylated at three distinct threonine residues and then released from the membrane.
TSP9 is a basic protein that can potentially regulate transcription or translation of photosynthetic proteins. The model suggests three
signaling options for the released TSP9: 1) regulation of protein expression in the chloroplast; 2) regulation of protein synthesis in
the cytosol; and 3) regulation of gene expression in the nucleus.

(Booij-James et al., 2002). Specific fast dephosphory-
lation of D1, D2, and CP43 polypeptides of PS II in
response to abrupt elevation of temperature has been
demonstrated (Rokka et al., 2000; Vener et al., 2001).
These findings clearly call for further studies of thy-
lakoid protein phosphorylation in vivo to understand
the physiological implications of this phenomenon. The
differential changes in protein phosphorylation under
variable environmental conditions are also indicative of
a multifunctional involvement of this posttranslational
modification in regulation and adaptive responses of
the photosynthetic apparatus.

The complexity of thylakoid protein phosphoryla-
tion in a physiological context implies additional hur-
dles to revealing the enzymes and other molecular fac-
tors involved in reversible phosphorylation of thylakoid
proteins. A multiple control of LHCII phosphoryla-
tion at the redox level alone has already revealed in-
volvement of (i) plastoquinone reduction (Allen et al.,
1981; Allen, 1992), (ii) plastoquinol binding at the
Qo site of the cytochrome bf complex (Vener et al.,
1995, 1997; Zito et al., 1999; Finazzi et al., 2001), (iii)
plastoquinol oxidation at the Qo site and rapid reoccu-
pation of the site with a new plastoquinol molecule
(Hou et al., 2003), and (iv) the thiol redox state
(Rintamäki et al., 1997, 2000; Carlberg et al., 1999;
Martinsuo et al., 2003). At present, it is not clear how

these events may influence any of the three TAK kinases
(Snyders and Kohorn, 1999, 2001) or the two Stt7-like
kinases (Depege et al., 2003) shown to be important
for phosphorylation of LHCII polypeptides. The most
feasible strategy to understand the role of each indi-
vidual protein kinase is to use kinase-gene knockout
plants for in vivo characterization of thylakoid pro-
tein phosphorylation to reveal the substrates for each
kinase. The regulation of the individual kinase(s) in-
volved in phosphorylation of distinct thylakoid proteins
could then be studied in a more focused way. Exami-
nation of the in vivo protein phosphorylation patterns
in mutant plants lacking individual regulatory compo-
nents, like TLP40, TSP9, subunits of cytochrome bf
complex, and thioredoxin-like proteins, should reveal
the regulatory network for the reversible phosphoryla-
tion of photosynthetic proteins and signaling cascades
controlling expression of these proteins.

The present level of knowledge on thylakoid
protein phosphorylation favors different regulatory,
adaptive, and signaling functions for reversible phos-
phorylation of individual proteins upon changing
physiological conditions including stress. The recent
progress in creating publicly available plant knockout
lines and development of the analytical techniques for
characterization of in vivo protein phosphorylation will
likely lead to rapid progress in the understanding of
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the multiple physiological regulatory functions of re-
versible and environmentally-modulated phosphoryla-
tion of thylakoid proteins.
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Summary

Plants have diverse defense mechanisms against high light stress. Plants can reduce absorption of light energy
through chloroplast avoidance and antenna size reduction. However, the capacity of the avoidance and the antenna
size reduction for protection is limited, so that plants often absorb more energy than they can use. Therefore,
plants need mechanisms to deal with this excess absorbed light energy, such as harmless thermal dissipation
by feedback de-excitation. The transthylakoid pH gradient, xanthophyll cycle, PsbS, and other light-harvesting
complex proteins are required for this thermal dissipation. In addition, alternative electron transport allows electrons
to pass to acceptors other than CO2, thereby relieving overreduction of electron transport components in high
light conditions. To detoxify reactive oxygen species that are inevitably produced during high light stress, plants
have antioxidants including carotenoids, ascorbate, and tocopherols. In spite of these photoprotective mechanisms,
photodamage may still occur, and efficient repair of damaged systems could be a photoprotective mechanism. In this
chapter, recently published molecular genetics studies on each step of photoprotection have been reviewed. Genes
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required for each defense mechanism that have been identified thus far are introduced, and cloned genes that can
possibly be related to photoprotection are discussed.

I. Introduction

In nature, photosynthesis is indispensable for sustain-
ing much of the life on earth. Photosynthesis be-
gins with light energy absorption and its conversion
into chemical energy. During this reaction, ATP and
NADPH are produced, and oxygen is also generated
from H2O as a byproduct. This converted chemical en-
ergy is then used to assimilate CO2 into carbohydrates.

By definition, photosynthesis requires light energy.
The light energy is collected mainly by chlorophylls
in light-harvesting complexes (LHCs). After absorb-
ing the light energy, a chlorophyll becomes excited to
its singlet excited state and then transfers the absorbed
energy in one of several ways including photochemistry
indicated by photochemical quenching of chlorophyll
fluorescence. The energy is delivered to reaction cen-
ters of photosystems, where it drives the initial charge
separation reactions of photosynthesis (photochem-
istry). Besides photochemistry, fluorescence emission,
de-excitation by thermal dissipation, and decay through
triplet state are the other ways by which excited chloro-
phylls return to ground state.

The light energy, however, is not always a good thing,
because too much light may cause damage in plants.
When plants receive more light than they can uti-
lize, the lifetime of singlet excited chlorophyll extends,
and the chance of returning to ground state through
triplet state chlorophyll is increased. This pathway can
dissipate excess energy (Foyer and Harbinson, 1999;
Niyogi, 2000); however, the generated triplet chloro-
phyll can transfer its energy to oxygen so that singlet
oxygen is produced. Singlet oxygen is a harmful type
of reactive oxygen species (ROS) that can cause degra-
dation of membrane and protein structure of photosys-
tems (Barber and Andersson, 1992; Melis, 1999).

Plants have various levels of photoprotective mech-
anisms (Fig. 1) (Barber and Andersson, 1992; Long

Abbreviations: ELIP – early light-induced protein; ETR –
electron transport rate; FNR – ferredoxin-NADP+ reductase;
FQR – ferredoxin-plastoquinone oxidoreductase; HPT – ho-
mogentisate phytyltransferase; HSP – heat shock protein; LHC –
light-harvesting complex; Mg-ProtoIX – Mg-protoporphyrin IX;
NDH – NADPH/NADH dehydrogenase; NPQ – nonphotochem-
ical quenching; OHP – one-helix protein; PQ – plastoquinone;
PS II – photosystem II; ROS – reactive oxygen species; SEP –
stress-enhanced protein; �PSII – PS II efficiency (quantum yield
of Photosystem II)

et al., 1994; Niyogi, 1999). First of all, plants can
protect themselves from excess light by avoiding ab-
sorption of the high light. Second, plants can reduce
the amount of absorbed energy by thermal dissipation.
Third, electrons can be transported through alternative
pathways to relieve excitation pressure (Asada, 1999;
Ort, 2001). Plants also have antioxidants to detoxify
ROS (Bartley and Scolnik, 1995; Smirnoff, 2000). Fi-
nally, plants can efficiently repair damaged photosys-
tems. Each mechanism plays a role depending on how
strong the incident light is. In most cases, these mech-
anisms are well coordinated to protect plants from not
only just steady high light, but also sudden light inten-
sity changes, such as strong sunshine between clouds.

To understand the photoprotective mechanisms in
detail, molecular analysis has been used to iden-
tify and characterize the function of various genes
in photoprotection. Most of these genes have been
identified in plant model systems including Syne-
chocystis, Chlamydomonas, and especially Arabidop-
sis, using forward and reverse genetics (Golan et al.,
2004). Forward genetics begins with a mutant pheno-
type and then proceeds to identification of the affected
gene; reverse genetics starts with a gene sequence fol-
lowed by generation and characterization of knockout
mutants.

In this chapter, we present a review of the molecular
analysis of photoprotection including descriptions of
mutants and cloned genes involved in photoprotection.
We have tried to focus on recently identified factors
for photoprotection as well as to update some results
concerning previously known factors.

II. Avoiding High Light Absorption

Avoidance of high light absorption can be a photopro-
tective mechanism because it can simply reduce the in-
put of light energy (Fig. 1). Although plants are sessile,
they are able to adjust the amount of energy absorption
through chloroplast movement and antenna size reduc-
tion in chloroplasts.

A. Chloroplast Avoidance Movement

In limiting light, plant chloroplasts move to the peri-
clinal walls that are perpendicular to the incident light
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Fig. 1. Photoprotective mechanisms in plants. To decrease light energy absorption in an excess light condition, chloroplasts can move
away from the light (chloroplast avoidance), and antenna size can be reduced (antenna size reduction). To get rid of excess absorbed
light energy, feedback de-excitation can dissipate excess energy as heat. In addition, efficient electron transport in both linear and
cyclic electron transport pathways can relieve excitation pressure generated by high light. However, reactive oxygen species (ROS)
are still generated, and ROS can be detoxified by antioxidant systems including carotenoids, ascorbate, and tocopherols. Inevitable
damage to photosystems still occurs, and efficient regeneration can be a photoprotective mechanism.

direction to maximize photosynthesis, whereas, when
the light intensity is too high, chloroplasts move to
anticlinal walls that are parallel to the incident light
direction (Fig. 2) (Kagawa and Wada, 2002). Chloro-
plast movements toward light and away from light are
termed accumulation response and avoidance response
or movement, respectively (Wada et al., 2003). The
chloroplast avoidance movement results in reduction
in light energy absorption; therefore, a plant can be
protected from high light stress. It has been known that
the signal for chloroplast avoidance movement is gen-
erated mainly by blue light (Kagawa and Wada, 1999;
Kagawa and Wada, 2000) and, recently, the blue light
receptor has been identified.

Two research groups have almost simultaneously
identified the blue light receptor required for chloro-
plast avoidance movement in Arabidopsis using for-
ward (Kagawa et al., 2001) and reverse genetics
approaches (Jarillo et al., 2001). For the forward ge-
netics, mutants were identified using a strip assay in
which a section of leaf was illuminated with high light,

while the rest of the leaf was masked (Kagawa et al.,
2001). In the wild type, the illuminated area turned
pale green following the high light treatment, while
the masked area stayed green; however, the illumi-
nated area of cav1 (chloroplast avoidance movements
1), affected in chloroplast avoidance, stayed as green as
the masked area. Using map-based cloning, it has been
found that mutation in the PHOT2 (originally, NPL1)
gene is responsible for the absence of chloroplast avoid-
ance movement in the cav1 mutant.

The second group (Jarillo et al., 2001) used reverse
genetics, taking advantage of high sequence similar-
ity (58% identity and 67% similarity) between the
PHOT2 and the PHOT1 (originally, NPH1) protein,
the blue light photoreceptor for phototropic bending
(Huala et al., 1997). The knockout mutant of PHOT2
was identified from T-DNA insertion lines in Arabidop-
sis with PCR-based screening. Following identifica-
tion of the phot2 mutant, they tested the chloroplast
avoidance movement by measuring the amount of light
transmission through leaves and confirmed that PHOT2
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Fig. 2. Chloroplast positions in different light conditions in cells of the fern Adiantum capillus-veneris. In the dark (A and D),
chloroplasts locate along anticlinal cell walls. Under the low fluence rate (LFR) white light (B and E), chloroplasts move and locate
along periclinal cell walls that are perpendicular to the direction of light in order to maximize photosynthesis; however, under the
high fluence rate (HFR) white light (C and F), chloroplasts move to anticlinal cell walls that are parallel to light direction to avoid
light absorption. These images are from Kagawa and Wada (2002).

is required for the chloroplast avoidance movement
mechanism.

To tell the differences between the roles of PHOT1
and PHOT2 in chloroplast movement, the phot1 phot2
double mutant was generated. It was determined that
for chloroplast movement towards a light source, both
PHOT1 and PHOT2 are required, whereas for chloro-
plast movement away from a light source, only PHOT2
is responsible (Sakai et al., 2001).

To determine how much the absorption reduction by
chloroplast avoidance movement contributes to pho-
toprotection, sensitivity to high light stress was tested
in the phot2 mutant (Kasahara et al., 2002). The ex-
tent of light stress can be monitored by the appearance
of bleached leaves in a high light condition and also
by measuring the maximum quantum yield of photo-
system II (PS II), Fv/Fm (ratio of variable to maximum
fluorescence). The dark-adapted value of Fv/Fm reflects
photosynthetic performance, and values that are lower
than the optimal value of 0.83 indicate a decrease in
PS II efficiency (Björkman and Demmig, 1987; Adams
et al., 1990; K. Maxwell and Johnson, 2000). The phot2
mutant clearly had bleached leaves after 22 hours of
high light treatment, while leaves of wild type and
the phot1 mutant did not exhibit visible symptoms of
high light stress (Kasahara et al., 2002). The Fv/Fm de-
creased in both the wild type and the phot2 mutant;
however, in phot2, the reduction of Fv/Fm was more

drastic, and it took a much longer time to recover back
to the normal level in a low light condition follow-
ing high light treatment. Taken together, these results
demonstrate that there is a correlation between lack
of chloroplast avoidance movement and photodamage
under high light stresses.

B. Adjustment of Antenna Size

The antenna consisting of LHC proteins absorbs light
energy using pigments and then transfers the absorbed
energy to reaction centers for photosynthesis. The size
of the antenna can be adjusted as a photosynthetic ac-
climation response to regulate light energy absorption
(Anderson, 1986; Bailey et al., 2001). In high light,
the antenna size can be reduced to absorb less light
energy thereby protecting plants from high light stress
(Park et al., 1997; Baroli and Melis, 1998). The LHC
proteins are encoded in the nucleus and translated in
the cytoplasm (Wollman et al., 1999). Thus the high
light signal should be perceived and then transduced to
effect changes in the LHC protein level in chloroplasts.

The Arabidopsis ape (acclimation of photosynthe-
sis to the environment) mutants are deficient in photo-
synthetic acclimation (Walters et al., 2003). The ape
mutant screening took advantage of differences in ef-
ficiency of PS II photochemistry (�PSII) between high
light- and low light-acclimated plants. The ape1 mutant
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showed the wild-type level of �PSII in low light, but
following transfer to high light, �PSII of ape1 did not
increase as much as that of the wild type. The ape1 mu-
tant is also affected in the antenna size reduction by high
light, because increases in the chlorophyll a/b ratio in
ape1 following transfer to high light were significantly
smaller than in the wild type (Walters et al., 2003).
Because the ape1 mutant was screened from a T-DNA
insertion population, the interrupted gene in ape1 was
cloned by determining the flanking DNA sequences of
the T-DNA using a thermal asymmetric interlaced PCR
technique. The APE1 (At5g38660) gene is conserved
in other photosynthetic organisms, but it encodes a pro-
tein of unknown function. Thus it would be interesting
to determine its physiological role in the antenna size
reduction by high light.

The expression of LHC genes in the nucleus is regu-
lated by signals generated in chloroplasts. The signals
include chlorophyll biosynthetic intermediates and the
redox state of electron transport components (Surpin
et al., 2002; Pfannschmidt et al., 2003). In Dunaliella,
it has been reported that LHCII gene expression is reg-
ulated by the redox state of the plastoquinone (PQ)
pool (Escoubas et al., 1995) and by the redox state
of intersystem electron transport (D.P. Maxwell et al.,
1995) (Fig. 3A). In Arabidopsis, it has also been shown
that photosynthetic electron transport is involved in
the transcriptional regulation of LHCII gene expres-
sion and that this signal can override a sugar-related
signal for gene expression (Oswald et al., 2001).

The evidence that the chlorophyll biosynthetic in-
termediates regulate the LHC gene expression has
come from studies on the Arabidopsis gun (genomes
uncoupled) mutants (Susek et al., 1993; Mochizuki
et al., 2001). Compared to the wild type, the gun
mutants showed higher LHC (originally CAB) gene
expression in a norflurazon-mediated photobleaching
condition in which LHC gene expression was sup-
pressed in the wild type (Susek et al., 1993). A molec-
ular genetics approach has identified that four genes,
GUN2∼GUN5, encode enzymes in the tetrapyrrole
biosynthetic pathway; for example, GUN5 encodes the
H subunit of Mg-chelatase, an enzyme in the chloro-
phyll biosynthetic branch of the pathway (Mochizuki
et al., 2001; Larkin et al., 2003). Interestingly, the
amount of Mg-protoporphyrin IX (Mg-ProtoIX), the
product of Mg-chelatase, was several-fold higher in
norflurazon-treated plants than in untreated plants;
therefore, the correlation between accumulation of Mg-
ProtoIX and reduction of gene expression was sug-
gested (Strand et al., 2003). This suggestion has been
confirmed by the observations that accumulation of

Mg-ProtoIX by Dipyridyl treatment abolished the gun5
mutant phenotype and feeding Mg-ProtoIX to the wild-
type protoplasts repressed the LHC gene expression.
Taken together, the mutations in the gun2∼gun5 mu-
tants prevent the accumulation of Mg-ProtoIX that
is required for repression of the LHC gene expres-
sion in the absence of proper chloroplast development
(Fig. 3A) (Strand et al., 2003). Identification of factors
involved in transduction of these signals from chloro-
plasts to the nucleus would be interesting. Additionally,
it needs to be determined whether Mg-ProtoIX is also
accumulated under high light conditions.

III. Coping with Excess Absorbed
Light Energy

Chloroplast movements and antenna size adjustment
can protect plants from high light stress by decreas-
ing the amount of light absorption. However, chloro-
plasts moved to anticlinal cell walls are still exposed
to strong incident light, and the antenna size reduc-
tion is not fast enough to respond to light intensity
fluctuations such as sudden light appearance between
clouds. Therefore, plants often receive light energy that
exceeds their photosynthetic capacity, and this excess
absorbed energy can cause photodamage. As a photo-
protection against the excess absorbed energy, plants
have several defense mechanisms (Fig. 1). Feedback
de-excitation dissipates excess absorbed light energy
as heat, thereby shortening the lifetime of excited sin-
glet chlorophyll and reducing the generation of singlet
oxygen that causes photodamage. Alternative electron
transport also contributes to photoprotection by reliev-
ing overreduction of the electron transport pathway.
Even though the feedback de-excitation and the alter-
native electron transport can reduce the excess energy,
ROS are still produced so that plants need antioxidants
to protect the photosynthetic apparatus. Despite these
multiple defense mechanisms, plants inevitably expe-
rience photodamage. Therefore the efficient turnover
of damaged D1 protein and repair could be a critical
photoprotective mechanism.

A. Feedback De-Excitation

Feedback de-excitation is a photoprotective mecha-
nism that dissipates excess absorbed light energy as
heat, thereby protecting plants from high light stress.
The amount of feedback de-excitation is determined
by measuring nonphotochemical quenching of chloro-
phyll fluorescence (NPQ). The amount of chlorophyll
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Fig. 3. Photoprotection factors involved in antenna size reduction (A), thermal dissipation (B), electron transport (C), and removal
of reactive oxygen species (ROS) (D). (A) Mg-protoporphyrin IX (Mg-ProtoIX) and the redox states of plastoquinone (PQ) and
intersystem electron transport are plastid signals involved in regulation of light-harvesting complex (LHC) gene expression. (B) For
thermal dissipation, feedback de-excitation dissipates excess absorbed light energy as heat, and it requires zeaxanthin (Z) converted
from violaxanthin (V) by violaxanthin de-epoxidase (VDE), and PsbS (NPQ4). In higher plants, LHC components such as Lhcb2,
CP26, and CP29 are indirectly involved in NPQ; however, in Chlamydomonas, one of the major light-harvesting proteins, Lhcbm1,
is required for NPQ. (Continued on next page)

fluorescence that is quenched non-photochemically
can be separated from photochemical quenching by
applying a pulse of saturating light (Schreiber et al.,
1986). NPQ has multiple components including feed-
back de-excitation, state-transition quenching, and
photoinhibitory quenching (Müller et al., 2001).

Among them, feedback de-excitation is responsible for
thermal dissipation and shows the fastest relaxation
following disappearance of the high light condition.
This kind of regulation must occur rapidly because, in
a moderate light condition, constitutive feedback de-
excitation can diminish the amount of photosynthesis
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Fig. 3. (Continued from previous page) (C) PetC (PGR1) and Ferredoxin-NADP+ reductase (FNR) play photoprotective roles in
linear electron transport pathway, while NADPH/NADH dehydrogenase (NDH) and ferredoxin-plastoquinone oxidoreductase (FQR)
mediate cyclic electron transport thereby relieving excitation pressure especially in stress conditions. (D) Carotenoids and tocopherol
present in the thylakoid membrane and ascorbate in stroma and thylakoid lumen remove ROS to protect photosystems.

through competition with photochemical quenching.
Mutants defective in the feedback de-excitation have
been screened by using video imaging systems that
digitize chlorophyll fluorescence data into NPQ images
(Niyogi et al., 1997, 1998; Shikanai et al., 1999). Video
imaging has made it possible to screen many mutant
lines simultaneously instead of measuring NPQ one
by one. This approach has provided genetic evidence
that the xanthophyll cycle, PsbS protein, and LHC are

critical factors for feedback de-excitation (Fig. 3B). In
this chapter, hereafter, NPQ is used as a synonym for
feedback de-excitation.

1. Xanthophyll Cycle

The xanthophyll cycle pigments consist of zeaxan-
thin, antheraxanthin, and violaxanthin. Under moder-
ate light conditions, violaxanthin is the most abundant



134 Hou-Sung Jung and Krishna K. Niyogi

pigment; however, under high light conditions, viola-
xanthin de-epoxidase converts violaxanthin to zeaxan-
thin through antheraxanthin as an intermediate pigment
(Fig. 3B) (Yamamoto et al., 1962). Previous biochemi-
cal studies using a violaxanthin de-epoxidase inhibitor
indicated that the xanthophyll cycle is required for NPQ
(Bilger and Björkman, 1990; Demmig-Adams et al.,
1990). Molecular genetics studies with low NPQ mu-
tants have confirmed that the xanthophyll cycle is in-
volved in NPQ (Niyogi et al., 1997, 1998).

The npq1 mutant was screened from both Chlamy-
domonas and Arabidopsis mutants as a low NPQ mu-
tant by using the video imaging system (Niyogi et al.,
1997, 1998). Pigment analysis showed that the npq1
mutant is unable to convert violaxanthin to zeaxan-
thin under high light in both Chlamydomonas and Ara-
bidopsis. However, interestingly, there are differences
in the degree of dependency of NPQ induction on the
xanthophyll cycle between the algal and plant system.
In Chlamydomonas, the npq1 mutant still has a rapidly
induced NPQ component, while in Arabidopsis, the
npq1 mutant is severely deficient in the induction of
NPQ. In Arabidopsis, map-based cloning allowed the
identification of the affected gene in the npq1 mutant
(Niyogi et al., 1998). The affected gene in npq1 is,
as predicted, violaxanthin de-epoxidase, the enzyme
mediating the conversion of violaxanthin to zeaxan-
thin (Fig. 3B). The results were confirmed by comple-
mentation of the low NPQ phenotype to a wild-type
level of NPQ by introduction of the violaxanthin de-
epoxidase gene into the npq1 mutant. These studies in
Chlamydomonas and Arabidopsis have provided con-
crete molecular genetic evidence that the xanthophyll
cycle has an important function in NPQ. Recently it
has been reported that zeaxanthin plays a role as a di-
rect quencher of excess energy based on femtosecond
transient absorption experiments in which excitation of
zeaxanthin was detected following excitation of chloro-
phyll (Ma et al., 2003). Among the screened low NPQ
mutants, some of them still exhibited normal xantho-
phyll pigment conversion by high light (Niyogi et al.,
1997; Li et al., 2000). These reports reflected that there
were more factors than the xanthophyll cycle involved
in NPQ.

2. PsbS Protein

The Arabidopsis npq4 mutant has a normal xanthophyll
cycle, but lacks most of NPQ (Li et al., 2000). De-
spite the lack of NPQ, the npq4 mutant retains a func-
tional photosynthetic apparatus determined by mea-
suring photosynthetic parameters including oxygen

evolution. To clone the affected gene, a map-based
cloning approach was used. Following determination
of linkage group with molecular and visible mark-
ers, PCR of candidate genes and DNA gel blotting
showed the absence of the PsbS gene (At1g44575)
in the npq4 mutant (Fig. 3B) (Li et al., 2000). The
PsbS protein is a member of the LHC protein fam-
ily. However, while most LHC proteins consist of three
trans-membrane domains, PsbS protein has four trans-
membrane domains (Kim et al., 1994), and instead
of light harvesting, PsbS is involved in light energy
dissipation.

To understand the function of PsbS in NPQ, molec-
ular biological and biochemical studies have been con-
ducted. In the molecular biological approach, carboxyl-
containing glutamates, candidate amino acid residues
for protonation in PsbS, were changed into neutral
amino acids by site-directed mutagenesis and then in-
troduced into the npq4 mutant (Li et al., 2002). In the
npq4 mutant background, the transgenic plants express-
ing a mutant form of PsbS lacking two specific gluta-
mates did not show NPQ, whereas plants transformed
with a wild-type PsbS gene copy could reconstitute a
high level of NPQ. This study has provided evidence
that the protonation of the PsbS protein is essential for
NPQ (Fig. 3B). In addition, zeaxanthin binding to iso-
lated PsbS has been reported (Aspinall-O’Dea et al.,
2002). It has thus been suggested that low pH in the
thylakoid lumen caused by high light would lead to
protonation of glutamate residues in PsbS, and in turn
this protonation may induce conformational changes.
These conformational changes may allow binding of
zeaxanthin that is converted from violaxanthin by vio-
laxanthin de-epoxidase.

3. Light-Harvesting Complex (LHC)

Forward genetic approaches have successfully identi-
fied genes (e.g. NPQ1 and NPQ4) necessary for NPQ.
To determine the involvement of LHC in NPQ, reverse
genetics approaches have been utilized. In Arabidopsis,
antisense constructs against LHCII genes were intro-
duced into plants, and then the photosynthetic pheno-
types of each knockout line were characterized.

A relatively minor effect on NPQ was observed in
Lhcb2, CP26, and CP29 antisense plants (Fig. 3B)
(Andersson et al., 2001; Andersson et al., 2003a).
Lhcb2 is a major component of the PS II peripheral
antenna, while CP26 and CP29 are minor components
of the PS II antenna (Wollman et al., 1999). Several
lines of evidence had suggested that CP26 and CP29
may play a role in NPQ (Jahns and Krause, 1994; Jahns
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and Schweig, 1995; Walters et al., 1996; Bassi et al.,
1997; Ruban et al., 1998). In each antisense line, the
expression of the target gene was suppressed. In addi-
tion, the absence of Lhcb1 and CP24 was also observed
in Lhcb2 and CP29 antisense lines, respectively. The
lower NPQ in these lines indicated that LHCII might
play a role in feedback de-excitation. However, Fv/Fm

was decreased in these antisense lines, and the protein
level of PsbS, an essential factor for the NPQ, was also
decreased in CP29 and Lhcb2 antisense lines (Anders-
son et al., 2001; Andersson et al., 2003a). These results
have indicated that in Arabidopsis, individual LHCII
components are not directly involved in NPQ; instead
LHCII organization in Arabidopsis might affect NPQ.

In Chlamydomonas, however, forward genetics has
identified a role of LHCII in NPQ (Elrad et al., 2002).
In this study, mutants were generated by random inser-
tion of a selectable marker, and then the npq5 mutant
was isolated as a low NPQ mutant by using the video
imaging system. Detailed mutant phenotype character-
ization showed that the npq5 mutant was almost com-
pletely defective in NPQ, although npq5 exhibited a
wild-type level of violaxanthin de-epoxidation. In ad-
dition, npq5 had a smaller antenna and lower chloro-
phyll b content. As the npq5 mutant was generated by
insertional mutagenesis, the interrupted gene in npq5
was determined by isolating flanking DNA of the in-
sertion site. The interrupted gene in npq5 encodes a
component of the major LHCII so that it is designated
as Lhcbm1 (Fig. 3B). The low NPQ phenotype of npq5
was complemented by the genomic DNA region en-
compassing Lhcbm1. Taken together, LHCII appears to
play a major role in NPQ in Chlamydomonas, whereas
in Arabidopsis, LHCII may be indirectly involved
in NPQ.

B. Electron Transport

It has been suggested that electron transport from H2O
oxidation to various acceptors (NADP+, O2, etc.) plays
a role in photoprotection (Asada, 1999; Niyogi, 1999;
Ort and Baker, 2002). Although all of these electron
transport reactions are driven by light energy absorbed
by LHC, the pathways that the electron takes are quite
diverse. Electrons can be transported to many kinds
of acceptors that are involved in either assimilatory
or nonassimilatory pathways. Electrons can also re-
turn to the electron transport pathway through PS I
without reducing any electron acceptors. In this sec-
tion, we will introduce the role of electron transport in
photoprotection.

1. Linear Electron Transport

In the linear electron transport pathway, electrons are
transported through PS II, Cyt b6 f , and PS I. Following
PS I, the electrons reduce NADP+ to NADPH, and this
reducing power can be used for assimilatory CO2 fixa-
tion. However, under stress conditions such as low CO2,
O2 can be incorporated into RuBP instead of CO2 in the
Rubisco-catalyzed reaction, or O2 can also directly ac-
cept electrons from PS I. The former pathway is called
photorespiration, while the latter has been defined with
various terms including the water-water cycle (Asada,
1999; Ort and Baker, 2002). Both of them could play a
role in photoprotection by allowing electron transport
to continue, thereby relieving excitation pressure that
is generated by excess absorbed light energy (Asada,
1999; Niyogi, 1999).

Molecular genetics studies have provided evidence
that linear electron transport is apparently involved in
photoprotection via generation of the transthylakoid
pH gradient. In Arabidopsis, the pgr1 (proton gradi-
ent regulation 1) mutant showed lower NPQ and was
very sensitive to high light (Munekage et al., 2001).
Map-based cloning showed that the mutation is in PetC
(At4g03280), encoding the cytochrome b6 f Rieske
iron-sulfur subunit (Fig. 3C). This result is consistent
with reduced electron transport rate and higher reduc-
tion state of QA in pgr1. The pH gradient across the thy-
lakoid membrane, generated by electron transport, is a
prerequisite for activation of violaxanthin de-epoxidase
and protonation of PsbS that are required for feedback
de-excitation (Fig. 3B). In pgr1, the pH gradient was
lower than in the wild type, and the de-epoxidation state
was also lower.

The involvement of electron transport in photopro-
tection has also been supported by experiments with
tobacco ferredoxin-NADP+ reductase (FNR) knock-
out lines (Palatnik et al., 2003). The gene knockout
lines were generated by introducing antisense DNA
of FNR into tobacco plants. FNR catalyzes the final
step of the linear electron transport pathway from ferre-
doxin to NADP+ (Fig. 3C). FNR-deficient plants suf-
fered severe photooxidative damage. Especially grown
in photoautotrophic conditions, FNR knockout lines
showed bleached phenotypes, while, in the same con-
dition, wild-type plants were still intact. It has been
suggested that this photodamage results from accu-
mulation of singlet oxygen following overreduction of
the electron transport pathway (Palatnik et al., 2003).
However, the phenotype of linear electron transport
mutant lines could be attributed to a deficiency of
the transthylakoid pH gradient that is required for
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zeaxanthin accumulation under high light and for ATP
synthesis.

2. Cyclic Electron Transport

PS I cyclic electron transport is believed to provide an
alternative pathway for electron transport under stress
conditions such as a low CO2, but still allowing proton
pumping for both NPQ induction and ATP formation.
It has been known that the cyclic electron transport may
be conducted through more than one pathway (Bendall
and Manasse, 1995).

Reverse genetics with the plastid transformation
technique have identified a cyclic electron transport
pathway that includes the NADPH/NADH dehydro-
genase (NDH) complex (Fig. 3C) (Burrows et al.,
1998; Shikanai et al., 1998). In tobacco chloroplast,
NDH genes were disrupted by homologous recombi-
nation. These NDH gene disruptions specifically af-
fected cyclic electron transport as was determined by
the absence of a transient increase of chlorophyll flu-
orescence following light to dark transition. This was
also confirmed by measuring differences in the redox
kinetics of P700 between wild type and ndh knockout
tobacco leaves. Although, under optimal growth con-
ditions, these mutant plants did not show any apparent
phenotype, the NDH-deficient mutant was more sus-
ceptible to repeated application of strong light (Endo
et al., 1999). Therefore, it has also been suggested
that the cyclic electron transport pathway including the
NDH complex is involved in photoprotection (Endo
et al., 1999).

Another cyclic electron transport pathway that is
sensitive to antimycin A, an inhibitor of cyclic elec-
tron transport flow, was observed in the NDHB-
deficient mutant background (Joët et al., 2001). This
antimycin A-sensitive pathway was predicted to in-
clude ferredoxin-plastoquinone oxidoreductase (FQR).
The evidence for the presence of cyclic electron trans-
port including FQR has come from a forward genet-
ics approach with the Arabidopsis mutant pgr5 (proton
gradient regulation 5) (Munekage et al., 2002).

The pgr5 mutant is affected in NPQ and this is prob-
ably caused by a reduction of electron transport rate
(ETR). This phenomenon is very similar to pgr1 in
which cytochrome b6 f complex is affected (Munek-
age et al., 2001). However, detailed characterization
of the mutant phenotype has determined that in pgr5,
cyclic electron transport between ferredoxin and PQ
is affected (Fig. 3C) (Munekage et al., 2002). In addi-
tion, pgr5 lacks induction of NPQ under limited carbon

fixation conditions such as in CO2-free air. Thus it has
been proposed that the PGR5-dependent cyclic elec-
tron transport pathway allows pH gradient generation
for induction of NPQ especially when carbon fixation
is limited. Without this cyclic electron pathway, plants
suffer much more photodamage, especially to PS I be-
cause plants cannot prevent overreduction of the ac-
ceptor side of PS I.

However, the exact role of PGR5 in cyclic electron
transport remains to be defined. PGR5 was detected
in a thylakoid membrane fraction in immunoblot anal-
ysis, and it did not contain a metal binding domain
that might be involved in electron transport (Munekage
et al., 2002). Thus, instead of being an electron trans-
porter, PGR5 may be a component of an electron trans-
port protein complex or a docking protein for a soluble
electron transport protein to thylakoid membrane. It
would be interesting to identify PGR5-interacting pro-
teins to fully understand the PGR5-dependent cyclic
electron transport mechanism. As ndh and pgr5 single
mutants did not show any apparent phenotype in a nor-
mal light condition, complete knockout of both cyclic
electron transport pathways would allow an assessment
of the contribution of both cyclic electron transport
pathways for photoprotection and the identification of
possible additional cyclic pathways.

C. Antioxidants

Even though excess absorbed light energy can be dis-
sipated as heat by feedback de-excitation and excita-
tion pressure can be relieved by alternative electron
transport, triplet chlorophyll a and ROS are still gener-
ated in chloroplasts, especially when much more energy
is absorbed than both protection systems can process
(Niyogi, 1999). Triplet chlorophyll should be quenched
to ground state before interacting with oxygen, and sin-
glet oxygen produced by energy transfer from triplet
chlorophyll should be detoxified. Otherwise, the sin-
glet oxygen can damage protein and lipid structure,
especially the PS II reaction center. These harmful
molecules can be detoxified by many kinds of antioxi-
dants including carotenoids, tocopherols, and ascorbate
(Fig. 1).

1. Carotenoids

Carotenoids are lipid-soluble pigments present in
chloroplasts (Fig. 3D), and they have several major
roles. In addition to serving in feedback de-excitation,
carotenoids play roles as accessory pigments for
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photosynthesis, as structural components of photosyn-
thetic complexes, and as antioxidants to protect plants
from photooxidative damage (Bartley and Scolnik,
1995). It has already been discussed that xanthophyll
cycle pigments, formed from β-carotene by adding hy-
droxyl groups followed by epoxidation, are involved in
NPQ. Besides NPQ, xanthophylls can play a role of an
antioxidant to quench singlet oxygen. After quench-
ing, xanthophylls decay to ground state without any
harmful effects (Frank and Cogdell, 1993; Baroli and
Niyogi, 2000). To characterize the function of the xan-
thophylls as antioxidants, however, specific experimen-
tal conditions are required to distinguish their effects
as antioxidants from their contribution to NPQ.

The antioxidant role of xanthophylls was studied
with Arabidopsis transgenic plants that contain higher
amounts of xanthophyll cycle pigments than the wild
type (Davison et al., 2002). Transgenic plants were
generated by introducing a gene encoding β-carotene
hydroxylase, a key enzyme in the carotenoid biosyn-
thesis pathway, under the control of cauliflower mo-
saic virus 35S promoter, a strong constitutive promoter.
The β-carotene hydroxylase catalyzes the conversion
of β-carotene to zeaxanthin, followed by conversion
of zeaxanthin to violaxanthin resulting in transgenic
plants containing more than twice as much violaxan-
thin as the wild type. The contents of other carotenoids,
such as β-carotene and lutein, were similar to the wild-
type level. When these plants were subjected to stress,
such as higher light intensity and increased growth tem-
perature, the transgenic plants containing more viola-
xanthin showed elevated stress tolerance (Davison
et al., 2002). Under high light conditions, the amount of
zeaxanthin was twice as large in the transgenic plants
as in the wild type, although the de-epoxidation states
were similar, and NPQ was also not different. Thus,
it has been suggested that the increased tolerance may
not come from NPQ, but from a protective role of zea-
xanthin (Davison et al., 2002).

A specific antioxidant role of zeaxanthin has also
been deduced from suppressor screening studies of the
npq1 lor1 double mutant in Chlamydomonas (Baroli
et al., 2003). The npq1 lor1 double mutant lacked both
the xanthophyll cycle and lutein and showed a bleached
phenotype in a high light condition. Interestingly, sup-
pressors of the npq1 lor1 double mutant showed nor-
mal growth in HL. Although NPQ was restored in the
suppressors, the extent of NPQ wan not increased that
much. Instead, the suppressors accumulated zeaxan-
thin, and this accumulation was caused by mutations in
the zeaxanthin epoxidase. Taken together, this study has

shown that accumulated zeaxanthin as an antioxidant
can protect Chlamydomonas from high light stress.

2. Ascorbate

Ascorbate has multiple functions in photoprotection
(Fig. 3D) (Smirnoff, 2000; Conklin, 2001). Ascorbate
can remove ROS directly and act as a cofactor of
ascorbate peroxidases in the elimination of H2O2. In
addition, ascorbate is a cofactor of violaxanthin de-
epoxidase in the xanthophyll cycle (Fig. 3B) (Müller-
Moulé et al., 2002), and it is also involved in the regen-
eration of oxidized tocopherol.

Molecular analysis of ascorbate’s role in photo-
protection has been possible with the isolation of
ascorbate-deficient mutants. The ascorbate-deficient
Arabidopsis mutant vtc1 (vitamin c1) was originally
isolated as an ozone-sensitive mutant (Conklin et al.,
1996). With the development of an ascorbate detection
method using the electron transfer dye, nitroblue tetra-
zolium, three more ascorbate-deficient mutants (vtc2,
vtc3, and vtc4) were isolated (Conklin et al., 2000).
Under oxidative stress conditions, these mutants were
bleached faster than wild type indicating an important
role of ascorbate in photoprotection (Smirnoff, 2000;
Müller-Moulé et al., 2003).

3. Tocopherols

Tocopherols are lipophilic compounds that can pro-
tect membranes from oxidative stress (Fig. 3D)
(Fryer, 1992; Niyogi, 1999; Munné-Bosch and Alegre,
2002). Mutants affected in tocopherol biosynthesis
were selected by an HPLC-based screening pro-
cedure. The selected mutants accumulated toco-
pherol precursors at the expense of tocopherols.
Map-based cloning has identified MPBQ/MSBQ
methyltransferase (At3g63410) and tocopherol cyclase
(At4g32770) in Arabidopsis (Porfirova et al., 2002;
Cheng et al., 2003; Sattler et al., 2003). The gene encod-
ing homogentisate phytyltransferase (HPT), catalyzing
the first committed step in tocopherol biosynthesis, has
also been identified in Synechocystis sp. PCC6803 and
Arabidopsis (Collakova and DellaPenna, 2001; Savidge
et al., 2002).

However, the tocopherol biosynthetic mutants did
not show any visible phenotype under optimal light
conditions (Porfirova et al., 2002; Cheng et al., 2003).
In addition, high light treatment did not cause any
significant differences between wild type and the mu-
tants; therefore, it was suggested that other antioxidants
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might compensate for the absence of tocopherol
(Collakova and DellaPenna, 2001; Porfirova et al.,
2002). To test this statement, it would be interesting to
generate double/triple deficient mutants of antioxidants
and assess their degree of sensitivity to high light. For
example, a vte1 vtc1 double mutant deficient in both to-
copherol and ascorbate would be useful to test their an-
tioxidant roles. Also Arabidopsis lines that accumulate
more tocopherols than the wild type have recently been
generated by overexpressing HPT and γ -tocopherol
methyltransferase (Collakova and DellaPenna, 2003).
These lines would be useful to determine the function
of tocopherols in photoprotection.

D. Repair of Damaged D1

In spite of these photoprotective mechanisms, D1 of
PS II is still easily damaged in high light (Melis, 1999;
Noguchi, 2002). In some cases such as a continued
stress condition, D1 inactivation can be a photoprotec-
tion mechanism as the inactivation reduces the forma-
tion of high-energy electrons and superoxide (Adams
et. al, 2004). When such stress conditions are over,
the damaged D1 should be removed and replaced by a
newly synthesized D1 protein to continue photosyn-
thesis; therefore, an efficient repair cycle is critical
as a photoprotective mechanism (Fig. 1). Biochemical
studies have indicated that the FtsH protease, an ATP-
dependent metalloprotease, may be responsible for the
degradation of damaged D1 (Lindahl et al., 2000; Silva
et al., 2003). The FtsH protease is one of the major
protease families found in higher plants, and nine FtsH
isomers have been found in Arabidopsis (Lindahl et al.,
1996; Adam et al., 2001). Recent molecular genetics
studies have provided evidence for the role of FtsH
protease in photoprotection.

Map-based cloning and T-DNA tagged gene cloning
have already found that FtsH protease genes are af-
fected in the var ( yellow variegated) mutants (Chen
et al., 2000; Takechi et al., 2000; Sakamoto et al., 2002).
The var mutants were treated with high light in order to
determine the role of FtsH protease in photoprotection.
Under stress conditions, the FtsH protease-deficient
mutants were much more susceptible than the wild
type, and recovery following high light stress was also
slower compared to that of the wild type (Bailey et al.,
2002; Sakamoto et al., 2002). Based on these findings,
it has been suggested that FtsH protease is involved in
photoprotection by efficiently removing damaged D1
proteins and thereby allowing faster reconstitution of
PS II.

IV. Gene Expression Responses of
Plants to High Light Stress

A. Early Light-Induced Proteins,
Stress-Enhanced Proteins, and
One-Helix Proteins

If gene expression is up-regulated by high light treat-
ment instead of repression like LHC protein, it has been
proposed that these up-regulated genes are possibly in-
volved in photoprotection (Montané and Kloppstech,
2000). Transcription of early light-induced protein
(ELIP) genes is induced by high light in mature leaves
of pea, and the induction level is proportional to light
intensity (Adamska et al., 1992). The Arabidopsis
genome contains two ELIPs (ELIP1: At3g22840 and
ELIP2:At4g14690), and both of them are induced by
high light (Heddad and Adamska, 2000). Recent stud-
ies with chlorophyll fluorescence lifetime measure-
ments in protein-targeting mutants, which are unable
to accumulate ELIPs in high light, have shown that
ELIPs may play a photoprotective role (Hutin et al.,
2003). As a role of ELIP, it was suggested that, un-
der high light conditions, ELIPs might bind to free
chlorophyll that is released from degraded photosyn-
thetic systems. Otherwise, the free chlorophyll that has
a longer lifetime than bound chlorophyll might gener-
ate singlet oxygen and thereby cause damage to photo-
systems (Montané and Kloppstech, 2000; Hutin et al.,
2003).

Sequence database searches using conserved do-
mains of ELIPs has identified stress-enhanced proteins
(SEPs) and one-helix proteins (OHPs) in Arabidop-
sis (Heddad and Adamska, 2000; Jansson et al., 2000;
Andersson et al., 2003b). The expression of SEP and
OHP genes are also increased by high light. However,
SEPs and OHPs differ from ELIPs in the number of
transmembrane domains and expression level in low
light conditions. ELIPs are predicted to contain three
transmembrane domains, while SEPs and OHPs are
predicted to contain two and one transmembrane do-
mains, respectively (Heddad and Adamska, 2000; An-
dersson et al., 2003b). The expression of SEP and OHP
but not ELIP genes is detected in low light, and ex-
pression levels are significantly increased by high light
treatment (Heddad and Adamska, 2000; Jansson et al.,
2000; Andersson et al., 2003b). However, the physi-
ological functions of SEPs and OHPs need to be in-
vestigated. For example, the phenotype of knockout
mutants of SEPs and OHPs would be interesting to
determine whether SEPs and OHPs are involved in
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photoprotection. In addition, whether SEPs and OHPs
bind pigments remains an open question.

B. Other Proteins Induced by High Light

Approaches using mRNA differential display and mi-
croarray were applied to understand responses of plants
to the high light treatment. In the differential display,
cDNA fragments were amplified by using an oligo(dT)
or an arbitrary primer set, and then genes that were
up-regulated and down-regulated by high light were
identified based on changes in amplified band inten-
sity on agarose gels (Dunaeva and Adamska, 2001).
Using the differential display, five genes (Lsr1∼Lsr5)
were shown to increase after 2 hours of high light
treatment. Among them, Lsr1∼Lsr4 were previously
characterized genes. For example, Lsr4 encodes the
metallothionein class 1a (MT1a) protein. Interestingly,
their encoded proteins are either predicted or deter-
mined to be localized in the cytoplasm. Lsr5, encod-
ing a protein with high similarity to β-1,3-galactosyl
transferase previously reported only in vertebrates, is
predicted to be present in the Golgi body. As these
gene products are located outside of chloroplasts,
their physiological roles under the high light condi-
tion would be interesting to determine (Dunaeva and
Adamska, 2001).

Microarray technology allows analysis of gene ex-
pression profiles of thousands of genes simultaneously
in response to environmental stimuli. The responses of
plants to high light stress have also been studied us-
ing microarray technology (Hihara et al., 2001; Rossel
et al., 2002; Kimura et al., 2003).

Synechocystis cells grown in low light (20 μmol
photons m−2 sec−1) were transferred to high light
(300 μmol photons m−2 sec−1) and RNA samples were
collected after 15 min, 1 hours, 6 hours, and 15 hours
of the high light treatment (Hihara et al., 2001). To
analyze expression profiles of these RNA samples, mi-
croarray slides containing 3079 PCR fragments that
cover almost all open reading frames in the genome
of Synechocystis sp. PCC6803 were used. Arabidop-
sis plants grown under moderate light (100 μmol pho-
tons m−2 sec−1) for 24 days were treated in high light
(1000 μmol photons m−2 sec−1) and also in filtered
high light (1000 μmol photons m−2 sec−1) that con-
tains half the amount of the infrared spectrum (Rossel
et al., 2002). For these Arabidopsis samples, microarray
slides of 6000 clones plus an additional 220 clones en-
coding genes involved in pigment biosynthesis, antiox-
idant biosynthesis, and photosystem from expressed

sequence tags or reverse transcriptase PCR were used.
Using another Arabidopsis microarray slides of 7000
full-length cDNAs, transcription profiles of Arabidop-
sis seedlings grown for 10 days in low light (ca 30 μmol
photons m−2 sec−1) and treated in high light (ca 800
μmol photons m−2 sec−1) for 3 hours were investigated
(Kimura et al., 2003).

In these studies, down-regulated expression of genes
related to photosynthetic antennae was observed. In
Synechocystis, the APC genes and the CPC genes
encoding allophycocyanin and phycocyanin, respec-
tively, were down-regulated by high light (Hihara et al.,
2001). In addition, some genes related to the biosyn-
thesis of photosynthetic pigments were also down-
regulated. In Arabidopsis, most of the photosysnthesis-
related genes including LHC genes were repressed
(Rossel et al., 2002; Kimura et al., 2003). Addition-
ally, many proteins with unknown function were also
repressed. Unexpectedly, the gene expression of viola-
xanthin de-epoxidase was also repressed (Rossel et al.,
2002).

In contrast, many other genes were up-regulated by
high light. In Synechocystis, expression of genes ho-
mologous to heat shock genes in other organisms were
significantly induced by high light (Hihara et al., 2001).
Genes encoding scavenging enzymes for ROS, such as
glutathione peroxidase, and two FtsH homologs were
also up-regulated by high light. In Arabidopsis, genes
involved in ROS detoxification such as ascorbate per-
oxidase 1 and glutathione-S-transferase 6 were up-
regulated (Rossel et al., 2002; Kimura et al., 2003).
In addition, chalcone synthase gene in the anthocyanin
pathway and the β-carotene hydroxylase II gene in xan-
thophyll biosynthesis were up-regulated (Rossel et al.,
2002). The accumulation of anthocyanin and lignin by
high light stress was determined (Kimura et al., 2003).
Interestingly, gene expression of many heat shock pro-
teins (HSPs) such as HSP70-3, HSP90, and HSP81-
2 was increased by high light (Rossel et al., 2002;
Kimura et al., 2003) and even by the filtered high
light (Rossel et al., 2002). It has been concluded that
the induction was not caused by elevated tempera-
ture, but by oxidative stress in the high light condi-
tion (Rossel et al., 2002). Moreover, gene expression
of many unknown proteins was also up-regulated by
high light. It would be interesting to determine the
functions of these up-regulated heat shock proteins
and unknown proteins in photoprotection. Gene knock-
out lines that interrupt the expression of the HSPs and
the unknown proteins could be used to test high light
sensitivity.
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Summary

Photoprotection seems to be an intrinsic property of light-harvesting systems, and an interesting question to address
is whether the light-harvesting or the photoprotection function was the “original” function, and which function
evolved subsequently. It appears that the cyanobacterial one-helix proteins, the presumed ancestors to the LHC
proteins, were not designed as antenna proteins but were involved in photoprotection and /or pigment metabolism.
Some intermediate steps (two- and four-helix proteins) also seem to have photoprotective functions. The antenna
function appeared later in evolution, and many different LHC proteins with somewhat diversified functions arose.
To some extent, this happened before the lineages leading to Chlamydomonas and higher plants separated, but
further diversification also took place following the split, and some of the proteins may have evolved in a direction
away from optimizing light harvesting. When the evolution of feedback de-excitation is put into this evolutionary
scheme, it is likely that xanthophyll conversions, that evolved previously to optimize photoprotection, were starting
to be used as indicators of light stress and regulators of antenna function.
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I. Introduction

Novel genes do not fall from heaven, but evolve from
pre-existing genes. This means that when a new bio-
logical function arises through evolution, this occurs
through mutations that make a protein with one en-
zymatic or structural function gain a new function. A
classical example of this is the evolution of crystallins,
the structural proteins of eyes, where different enzymes
have become major lens components in different verte-
brate species (Wistow and Piatigorsky, 1987), probably
as a consequence of a need for different ocular optics.
The eye is a structure that has evolved several times
during animal evolution, since the ability to interpret
light signals from the surroundings and to change be-
haviour is, of course, expected to confer a huge evo-
lutionary advantage to an animal. Higher plants use
the information in light as signals to change develop-
mental patterns but, and perhaps more importantly, the
energy of light to drive the photosynthetic reactions.
Photosynthetic reaction centers seem to have evolved
only once; PS I, PS II, and the corresponding reaction
centers of photosynthetic prokaryotes share all struc-
tural elements and are likely to be homologous struc-
tures. In contrast, the proteins of the light-harvesting
systems that are present in the different taxa share no
sequence, and very little structural, similarity and it is
most likely that the light-harvesting systems of higher
plants, cyanobacteria, purple bacteria, and green sul-
phur bacteria evolved independently from each other
(Green, 2001). In this process, different proteins have
been recruited to fulfill the function of coordinating
the photosynthetic pigment molecules into ordered ar-
rays that enable efficient transfer of excitation energy
into the reaction centers where charge separation takes
place. In the following, the evolution of the higher plant
light-harvesting antenna structure into its present form,
where light harvesting and light dissipation are inti-
mately coupled processes, will be discussed.

II. The Light-Harvesting Complexes
(LHCs) of Higher Plants

A. Ten, Twelve, or Fourteen LHC Proteins?

The proteins of the higher plant photosynthetic an-
tenna, the light-harvesting chlorophyll a/b-binding

Abbreviations: ELIP – Early light inducible proteins; HLIP –
High light inducible proteins; LHC – Light-harvesting Com-
plex; MSH – Membrane spanning helices; SCP – Small cab-like
proteins

(LHC) proteins, make up a protein family of ten princi-
pal members, plus a couple of related proteins (Jansson,
1994). The gene products of the Lhca1-4 genes asso-
ciate with PS I and the Lhcb1-6 genes primarily with
PS II, although the Lhcb1 and Lhcb2 proteins that, at
least in low and intermediate light conditions, make up
the bulk of the antenna, distribute between PS I and PS
II to balance the flow-through of electrons in the photo-
systems. Several names have been used to designate the
gene products (see Jansson, 1994 for a compilation). In
the following, the names relating to gene names (e.g.
Lhca1) will primarily be used, although e.g. Lhcb4 is
commonly designated as CP29 in the photosynthesis
literature, an informative name reflecting the mobility
of the protein during electrophoresis. In terms of evolu-
tion, the focus of this paper, the Lhc acronyms are more
consistent. Several of the LHC proteins are encoded by
multiple genes; in Arabidopsis thaliana there are e.g. 5
and 3 genes encoding Lhcb1 and Lhcb2, respectively
(Leutweiler et al., 1986; McGrath et al., 1992; Legen
et al., 2001; Andersson et al., 2003). Although the in-
dividual Lhcb1 proteins have slightly different amino
acid sequences, these differences are not conserved
among plant species and thus they probably do not rep-
resent differences in functions, which would likely be
conserved. This distinction is, however, not straight-
forward to make based on sequence differences alone.
For instance, an Arabidopsis gene encoding a protein
originally named Lhca2 (Zhang et al., 1992) encodes a
distinct protein (Lhca6), and the same is probably true
for the “third Lhcb4 gene”, Lhcb4.3 (Jansson, 1999).
Recently, a few additional related genes have been iden-
tified in Arabidopsis. Under normal conditions, these
have a much lower expression level than the “normal”
proteins, and these will be more thoroughly discussed
later in the chapter.

B. Secondary and Tertiary Structure

Although LHC II (in this case a mixture of Lhcb1 and
Lhcb2) is the only LHC protein whose tertiary struc-
ture has been experimentally determined (Kühlbrandt
et al. 1994), all LHC proteins are believed to fold in
an identical way. They consist of three membrane-
spanning helices (MSHs), of which the first and the
third are homologous to each other, and form a dimeric
“core” of the protein. The LHC proteins bind pig-
ment in various stoichiometries; chlorophyll a, chloro-
phyll b, xanthophylls, and the pigments of the xan-
thophyll cycle associate with most, if not all, of the
polypeptides. The pigments are bound by non-covalent
bonds and, although there is some conservation of the
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pigment-binding amino acid residues, conservation is
not strict. Mutational analyses have been employed to
describe the properties of the different pigment-binding
sites (e.g. Morosinotto et al., 2002).

C. The Cousins: One, Two, and
Four-Helix Proteins

Higher plants also contain proteins related to the LHC
proteins. The first to be described were the Early Light
Inducible Proteins (ELIPs) that accumulate e.g. dur-
ing early thylakoid development and during light stress
(Adamska et al., 1992). The ELIPs also have three
MSHs and are likely to fold in a similar way as the LHC
proteins. The related PsbS protein, however, has four
MSH, and the “extra” helix is found at the N-terminus
and is homologous to helix 2. More recently, two re-
lated one-helix and two two-helix proteins have also
been described in Arabidopsis (Jansson, 1999; Jansson
et al., 2000; Heddad and Adamska, 2000; Andersson
et al., 2003b). The single MSH of the one-helix pro-
teins, and the first of the helices in the two-helix pro-
teins, share similarity to the first and the third MSHs
of LHCs, ELIPs, and PsbS. With the exception of PsbS
(Li et al., 2000), the functions of the other proteins are
not well defined. It is striking that they all exhibit reg-
ulatory responses opposite to those of the ten normal
LHC proteins; under high light conditions when the ex-
pression of the LHC proteins is repressed, these other
proteins are upregulated or at least are not repressed.
This indicates a function in high-light protection in a
broad sense, but whether they provide direct protection,
are pigment carriers, or have other, novel functions is
not yet known. From an evolutionary perspective, it
is likely that they all bind pigments (chlorophylls and
carotenoids), although undisputable evidence for this
is lacking.

III. The Light-Harvesting Antenna of
Lower Plants

In order to understand how the higher plant light-
harvesting antenna has evolved, one could study the
corresponding structures of the ancestors and rela-
tives of higher plants. The genome of Synechocystis
sp. strain PCC6803 (Kaneko et al., 1996) was the
first to be sequenced, and has recently been followed
by several others (Kaneko et al., 2001; Nakamura
et al., 2002); for an updated list see the home-
page of Masahiko Ikeuchi (http://bio.c.u-tokyo.ac.
jp/∼ikeuchi/c genomeE.html). What are the charac-

teristics of the proteins homologous and analogous
to the higher plant light-harvesting antenna in these
organisms?

A. Cyanobacteria

The main light-harvesting structure of cyanobacteria,
the phycobilisome, is a soluble antenna system that
coordinates linear tetrapyrroles and shares no homol-
ogy with the higher plant LHC proteins. However, one
group of cyanobacterial proteins is the possible an-
cestors of the LHC proteins, the High-Light-Inducible
Proteins (HLIPs) (Dolganov et al., 1995), also named
Small Cab-like Proteins (SCPs) (Funk and Vermaas,
1999). Since their discovery, their primary function has
been assumed to be something other than light harvest-
ing; for example, they tend to accumulate under high
light conditions when light harvesting does not need
to be optimized. Not surprisingly, Rhodophytes (red
algae) also contain related proteins; e.g. the unicellu-
lar Red Alga Cyanidioschyuzon merolae has a plastid-
encoded one-helix protein that shares homology with
HLIPs/SCPs (Ohta et al., 2003).

Disruption of the genes encoding HLIPs/SCPs leads
to a photosensitive phenotype (He et al., 2003). There
has, however, been a considerable debate about their
precise role in photoprotection that could either be
direct through some mechanism for light dissipation
(Havaux et al., 2003) or indirect, since data have
also indicated a role in the regulation of chlorophyll
biosynthesis (Xu et al., 2002). For both of these sug-
gested functions, pigments are likely to bind to the
proteins, but direct proof of pigment binding prop-
erties of HLIPs/SCPs is still absent. In any case, the
HLIPs/SCPs do not seem to be light-harvesting pro-
teins, but are rather involved in photoprotection.

B. Green Algae

The green alga Chlamydomonas reinhardtii has, not
surprisingly, a light-harvesting apparatus that is simi-
lar to that of higher plants. Genomic efforts have re-
cently allowed for identification of 28 genes coding for
proteins related to LHCs (Elrad and Grossman, 2004).
There is not a clear-cut correlation between the ortho-
logues of Chlamydomonas and higher plant LHC pro-
teins. It seems as if Lhcb4 and Lhcb5 diverged prior
to the separation of higher plant and green algal lin-
eages, but that the separation into the four (or six) Lhca
proteins in the higher plant lineage, as well as into the
nine Lhca proteins in the Chlamydomonas lineage, took
place after this separation (Elrad and Grossman, 2004).
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The same holds true for the other Lhcb genes; the nine
Chlamydomonas genes do not correspond to the nine
Arabidopsis genes coding for Lhcb1, Lhcb2, Lhcb3,
and Lhcb6. In fact, the encoded proteins of these genes
are so similar that it is quite likely that the functions
will be very similar. In addition, Chlamydomonas con-
tains two genes coding for a protein (LI818) with no
clear homologue in Arabidopsis (Savard et al., 1996),
as well as genes coding for ELIP-like proteins and a
PsbS homologue (Elrad and Grossman, 2004). Inter-
estingly, no genes coding for proteins similar to the
HLIPs of cyanobacteria or the one- or two-helix pro-
teins of higher plants have been identified yet in the
Chlamydomonas genome (Elrad and Grossman, 2004).
It is possible that they have so far escaped detection,
but it is also possible that they were lost in the lineage
leading to Chlamydomonas, but retained in the lineage
leading to higher plants.

Thus, it seems as if the last common ancestor of
Chlamydomonas and higher plants had Lhcb4, Lhcb5,
and at least one gene coding for LHCI polypeptides and
one for the major LHCII polypeptide. It is quite possible
that other subtypes have existed, but these must, in that
case, have been lost during evolution.

C. Liverworts, Mosses, and Ferns

We only have fragmentary information about the LHC
protein content from these taxa, but some bits and
pieces of information could be put together. In the
liverwort Marchantia polymorpha, the distinction be-
tween the Lhcb1 and Lhcb2 has not yet occurred, but
Lhcb3 and Lhcb6 seem to have separated out (Groke I,
PhD thesis, University of Bremen). The Lhca pro-
teins of higher plants also seem to have orthologues
in Marchantia. The scarce data available from mosses
and ferns are consistent with these assumptions.

D. Conifers

Lhc genes have been sequenced from numerous species
of gymnosperms (mainly conifers) but only in the case
of Scots pine (Pinus sylvestris) to some depth (Jansson
et al., 1992). The conifers probably separated from the
lineage leading to the angiosperms 300–350 million
years ago, and at that time their light-harvesting appa-
ratus must have looked the same as today since, in all
cases studied so far, the proteins in Scots pine and Ara-
bidopsis are orthologous. It seems as if no additional
subtypes of LHC proteins have evolved after this split,
since there are apparently no LHC proteins specific
for certain angiosperm taxa, although there are many
plant taxa not yet investigated. The separation of the

newly identified Lhca5 protein apparently dates back
to the time of the separation of the other Lhca subtypes
(Ganeteg et al. 2004), whereas Lhca6 and Lhcb4.3 are
perhaps of more recent origin. A schematic represen-
tation of the antenna systems of Chlamydomonas and
angiosperms/conifers are shown in Fig. 1.

IV. The Evolution of LHC Proteins

A. One, Two, Four, Three

An outline for the early events in the evolution of the
LHC proteins from the cyanobacterial one-helix pro-
teins was put forward by Green and Pichersky in 1994
(Fig. 2). The HLIP proteins somehow gained a second,
unrelated MSH and formed a two-helix protein that
subsequently underwent internal gene duplication. The
duplication presumably led to a four-helix configura-
tion, typical for PsbS, and the forth helix was believed
to have been lost in the evolution to the ELIPs and LHCs
(Fig. 2). Although the two-helix proteins in Arabidop-
sis are clearly not the direct ancestors of PsbS, ELIPs,
and LHCs, the identification of those proteins corrob-
orated this very reasonable hypothesis. As mentioned
above, it is interesting that all one-, two-, and four-
helix proteins known today (and the three-helix ELIP
protein) are, based on their expression characteristics,
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Fig. 1. Schematic picture of antenna proteins associated with
PS I and PS II in A) Chlamydomonas and B) angiosperms.
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Fig. 2. Evolution of the LHC proteins. One-helix proteins, like HLIP, acquired a second helix resulting in a two-helix protein, like
the higher plant SCPs, that underwent an internal gene duplication leading to a four-helix protein, like PsbS. After loss of the fourth
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Fig. 3. Evolutionary tree of the LHC protein family.

more likely involved in high light protection than light
harvesting. This makes it plausible that the gene family
originally evolved to serve a function in photoprotec-
tion, and that the role in light harvesting is a derived
function. The antenna function seems to have been a
successful evolutionary step, so that once it appeared,
perhaps in its earliest manifestation as an antenna of
PSI as in today’s rhodophytes, gene duplication and di-
vergence created a set of LHC proteins with diversified
functions in the antenna of PS I and PS II.

Based on today’s knowledge, the following evolu-
tionary scheme for the LHC family of proteins can
be put forward (Figure 3). Starting with one-helix pro-

teins, the early events resulting in two-, four-, and three-
helix proteins must have taken place in the cyanobac-
terial lineage that was engulfed by a eukaryote and
became the chloroplast. LHCI was probably the first
LHC protein to appear, since in Rhodophytes (Red
algae), proteins homologous to the LHCs are found
associated with PS I (Wolfe et al., 1994), although the
main light-harvesting antenna is made up by phycobil-
isomes, rather similar to those of cyanobacteria.

Before the lineages leading to Chlamydomonas and
higher plants separated, the ELIP and LHC branches
were formed and LHCI, LHCII, Lhcb4, and Lhcb5 sub-
sequently diverged within the LHC branch, probably
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with LHCI separation as the first event. The split
that created the LI818 proteins probably happened be-
fore this separation, although the LI818 function has
been lost in the higher plant lineage. In the Chlamy-
domas lineage, diversification within the LHCI and
LHCII branches led to the extant Chlamydomonas LHC
polypeptide composition, and it is quite likely that other
green algae will be found to have a different polypep-
tide composition.

About the time when plants started to inhabit the
terrestrial ecosystem, further diversification took place.
The individual Lhca proteins were formed in the LHCI-
branch, and Lhcb6 and then Lhcb3 may have been the
first to diverge from the LHCII branch. Alternatively,
and perhaps more likely, Lhcb6 was present in the
last common ancestor to Chlamydomonas and higher
plants, but has been lost in the Chlamydomonas lin-
eage. Two pieces of information support the latter al-
ternative. First, Lhcb6 is more divergent from LHCII
than Lhcb5, so the separation between Lhcb1/2/3 and
Lhcb6 probably predated the split between Lhcb6 and
Lhcb1/2/3. Secondly, there exist, in some respects, sim-
ilarities between Lhcb6 and the Lhca proteins, even
making it possible that Lhcb6 could have evolved from
the LHCI-branch of the tree. The final step in the evo-
lution, the separation of Lhcb1 and Lhcb2, took place
after the separation of the liverwort and higher plant
lineages, but before the separation of the conifers and
angiosperms, i.e. about 400 million years ago. Appar-
ently, the light-harvesting antenna developed at that
time has proven to be very well suited for plants in the
various terrestrial habitats, and no further evolution has
been necessary.

B. From Photoprotection to Light
Harvesting?

From the general picture outlined above, one obvious
conclusion that could be drawn is that the proteins of
this family originally had a photoprotective function.
All one-, two-, and four-helix proteins as well as ELIPs
studied so far have expression patterns consistent with
a role in photoprotection rather than in optimizing light
harvesting, since they are not expressed at all, or to low
levels, under low light conditions (Jung and Niyogi, this
volume). It is likely that pigment binding to this class of
proteins first had a photoprotective function, either di-
rect or indirect by involvement in pigment metabolism.
Such pigment-binding proteins would be obvious can-
didates for recruitment as antenna proteins, as soon as
mutations gave rise to pigment properties increasing

the duration of excitation energy storage enough to al-
low energy transfer to neighboring pigments that are
functionally connected to a reaction centrum. Whether
this has happened once or several times in evolution
is difficult to establish definitively. However, in the
absence of evidence for several events, one can assume
that it happened only once, and that this event con-
ferred such an evolutionary advantage to the organism
that the genes became fixed in the population. Later
such genes became duplicated and diverged, resulting
in the multitude of LHC antenna proteins that is present
in photosynthetic organisms today.

However, a recent finding is complicating this pic-
ture slightly. As mentioned above, a few genes with
different characteristics than the “standard” Lhc genes
have been identified in Arabidopsis. The Lhca5 gene
has a regulation that is opposite to the norm (lower
relative expression in leaves grown in low light), and
this was also shown to be true for the Lhca6, Lhcb4.3,
and an additional Lhc gene, most similar to Lhcb5, that
has just been identified. Although low expression under
conditions where a large antenna is needed is not very
strong evidence of a photoprotective function, these
four proteins (two potentially associating with PS I and
two with PS II) are likely to have a distinct role in the
photosynthetic antenna, suggesting that additional re-
cruitments have occurred rather late in evolution. Ten-
tatively, this set of LHC polypeptides can be assumed to
be components of the light-harvesting antenna that par-
tially replaces the “standard” LHC proteins under some
conditions, and if the “standard” proteins are believed
to be perfectly optimized for light harvesting, replac-
ing these with other, potentially less efficient energy
transfer proteins would probably be, in a wide sense, a
photoprotective process. Thus, although the evolution
has been from photoprotection to light harvesting, in
some branches of the evolutionary tree there may have
been a back-conversion into a protective function.

V. The Evolution of Feedback
De-Excitation

How could the evolution of feedback de-excitation be
put into this framework? A quenching mechanism that
rapidly goes into operation when needed, but that does
not decrease light harvesting under conditions where
light is not present in excess, should represent a huge
selective advantage to a plant that is exposed to rapid
variations in light conditions, and could potentially rep-
resent a quantum leap in evolution allowing plants to
occupy new habitats. Therefore it is important to
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consider how the mechanism could have evolved. In
my opinion, the most likely sequence of evolution-
ary events leading to the development of feedback de-
excitation is the following.

A. Cyanobacteria

Like all photosynthetic organisms, cyanobacteria need
photoprotective systems (Nishiyama et al., this vol-
ume). The coupling of photosynthetic and respiratory
electron transport, that in cyanobacteria take place in
the same membrane, means that other possibilities to
cope with fluctuations in excitation pressure exist, e.g.
if electron transport driven by photosynthesis increases,
electron transport from respiration could be decreased
resulting in an unchanged total electron transport and
proton pumping over the thylakoid membrane. Since
no energy-dissipating mechanism seems to be present
in the phycobilisome, a rapidly inducible energy dis-
sipation system could be expected to be beneficial for
the cyanobacteria and for this reason, such a role for
the HLIPs/SCPs seem logical. Perhaps pigments bound
to HLIPs/SCPs could be involved in energy transfer
from excited singlet chlorophylls to e g zeaxanthin
which accumulate in cyanobacteria grown in high light
(Demmig-Adams and Adams, 1990) in a way not reg-
ulated by protonation. However, since the xanthophyll
cycle is not operating in cyanobacteria, an inducible
system cannot utilize the information of overcapacity
in electron transport over ATP synthesis that a low pH-
induced violaxanthin de-epoxidase will provide. Com-
pared with the higher plant system, only one of the
triggers for feedback de-excitation is therefore present.
Carotenoid pigments serve a photoprotective role also
in prokaryotes, but they probably do not directly influ-
ence the efficiency of light harvesting, and rather act as
scavengers.

B. Xanthophyll Conversions are Old

Xanthophyll conversions date back to well before the
process of feedback de-excitation. Cyclic xanthophyll
conversions take place in Prochlorophytes (Clauster et
al., 2002) and some Rhodophytes (Ursi et al., 2003).
Although Prochlorophytes contain chlorophyll b, this
pigment is bound to proteins unrelated to the higher
plant LHC proteins. Thus, the feedback de-excitation
mechanism is probably not present in this taxon. In
Rhodophytes, proteins homologous to the LHCs are
found associated with PS I, although the main light-
harvesting antenna is made up by phycobilisomes

and is rather similar to those of cyanobacteria. When
cyanobacteria were engulfed by a eukaryotic host and
became chloroplasts, the need for a respiratory chain
creating a proton gradient over the thylakoid mem-
brane disappeared (since energy and reducing power
in the dark could be provided by the eukaryotic host),
and photosynthetic electron transport became spatially
separated from respiration. As a consequence, the pro-
ton gradient across the thylakoid became an indicator
of excitation pressure and sensing of the lumenal pH
became a direct way for an organism to detect whether
electron transport or biochemistry limits photosynthe-
sis. If biochemistry limits photosynthesis, excitation
energy flow through PS I and PS II will be retarded
and two adequate measures that a cell should take in
order to avoid photodamage may occur. One is to in-
crease the levels of photoprotectants in a wide sense
and secondly, the efficient size of the light harvesting
antenna can be decreased. A low pH-induced conver-
sion of violaxanthin to zeaxanthin could serve the first
purpose and e.g. prevent lipid peroxidation. Apparently
this conversion appeared rather early in evolution, since
it is found in both Rhodophytes and Prochlorophytes.
The low pH will also induce protonation of proteins
at the lumenal side of the thylakoid and, potentially,
induce a conformational change that could lead to en-
ergy dissipation. Considering the extremely high con-
centration of pigments in light-harvesting systems, it
is likely that the function of the antenna proteins is
to keep the photosynthetic pigments apart in order to
prevent quenching rather than to pull them together
to enable energy transfer (Horton et al., 1996). Vari-
ous conformational changes in the antenna will then
bring pigment molecules together and enable them to
quench each other. Since the violaxanthin and zea-
xanthin molecules have different shapes, the low pH-
dependent conversion of violaxanthin could also cre-
ate a conformational change that in itself could lead to
quenching. Together with protonation, this could have
even bigger effects on the conformation resulting in
today’s feedback de-excitation. The mechanism for the
quenching is outside the scope of this article, but sev-
eral hypotheses are discussed elsewhere in this volume.
However, since potentially any protein that has acidic
residues in the lumen and binds xanthophylls could
evolve to be subject to such a critical conformational
change resulting in quenching, many proteins could be
recruited for this function. Since PsbS has this func-
tion in higher plants (Li et al., 2000), and has its roots
at about the correct time in evolution, it is likely that
the PsbS-like precursors were the proteins where this
function evolved.
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C. What is the “Quenching Protein” in
Chlamydomonas?

However, the situation in Chlamydomonas complicates
the picture. The feedback de-excitation process seemed
initially to share many features with that of higher
plants, e.g. the xanthophyll conversions are similar
and mutations of violaxanthin de-epoxidase, as well
as zeaxanthin epoxidase, have similar effects (Niyogi
et al., 1997). However, the molecular characterization
of a Chlamydomonas mutant (npq5 ) with a similar
phenotype as PsbS-less Arabidopsis (npq4 ) unexpect-
edly revealed that the gene involved coded for one of
the proteins of LHCII (Lhcbm1) (Elrad et al., 2002).
The recent identification of a PsbS-like protein in
Chlamydomonas (Krishna Niyogi unpublished, cited in
Elrad and Grossman, 2004), however, leaves open the
possibility that PsbS is still the key protein in Chlamy-
domonas and that the npq5 phenotype is caused by
some other, yet unidentified, molecular change. Alter-
natively, one of the LHC proteins may have been re-
cruited to fulfill this function in the Chlamydomonas
lineage, whereas in the lineage leading to higher plants,
PsbS was recruited. If this is so, and since low pH-
dependent xanthophyll conversions arose deep in the
evolutionary tree, it is possible that we will find other
taxa where yet other pigment-binding proteins have a
function to dissipate excess excitation energy. As men-
tioned above, a rapidly inducible energy dissipation
system would give a very strong adaptive advantage
to a photosynthetic organism. Since forward genetic
screens have been successful in identifying the key
protein for feedback de-excitation in Arabidopsis and
Chlamydomonas, it is possible that, as the genome se-
quence of many other algal species will become avail-
able within the coming years, we may be able to find
an unexpected heterogeneity in proteins responsible for
energy dissipation.

VI. Conclusions

To conclude, the evolution of the LHC proteins illus-
trates how new protein functions are created by re-
cruitment, and if there is a selective advantage con-
ferred with the new function, it will be fixed in the gene
pool. Subsequently, gene duplications could diversify
the functions resulting in the development of gene fam-
ilies of a very complex kind. The events creating the
recent antenna took place over 300 million years ago,
after which the genes, for the most part, have been fixed
in the population and little natural variation with adap-

tive significance may be found today. Nevertheless, due
to the extensive knowledge in the area and high impor-
tance associated with changes in their function, genes
coding for antenna proteins may be used as an illus-
tration of converging and diverging gene evolution in
plants.
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Summary

Understanding the role of the xanthophyll cycle and elucidating the mechanisms of antenna quenching through the
non-photochemical dissipation of excess absorbed energy in the photoprotection of the photochemical apparatus
continues to be a major focus of photosynthetic research. In addition to antenna quenching, there is evidence for
the non-photochemical dissipation of excess energy through the PS II reaction center. Hence, this photoprotective
mechanism is called reaction center quenching. One technique to assess reaction center quenching is photosynthetic
thermoluminescence. This technique represents a simple but powerful probe of PS II photochemistry that measures
the light emitted due to the reversal of PS II charge separation through the thermally-dependent recombination of
the negative charges stabilized on Q−

A and Q−
B on the acceptor side of PS II with the positive charges accumulated

in the S2- and S3-states of the oxygen evolving complex. Changes in the temperature maxima for photosynthetic
thermoluminescence may reflect changes in redox potentials of recombining species within PS II reaction centers.
Exposure of Synechococcus sp. PCC 7942, Pinus sylvestris L., Arabidopsis thaliana, and Chlamydomonas rein-
hardtii to either low temperatures or to high light induces a significant downshift in the temperature maxima for S2Q−

B
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and S3Q−
B recombinations relative to S2Q−

A and S3Q−
A recombinations. These shifts in recombination temperatures

are indicative of lower activation energy for the S2Q−
B redox pair recombination and a narrowing of the free energy gap

between QA and QB electron acceptors. This, in turn, is associated with a decrease in the overall thermoluminescence
emission. We propose that environmental factors such as high light and low temperature result in an increased
population of reduced QA (Q−

A), that is, increased excitation pressure, facilitating non-radiative P680+Q−
A radical

pair recombination within the PS II reaction center. The underlying molecular mechanisms regulating reaction center
quenching appear to be species dependent. We conclude that reaction center quenching and antenna quenching are
complementary mechanisms that may function to photoprotect PS II to different extents in vivo depending on the
species as well as the environmental conditions to which the organism is exposed.

I. Introduction

Changes in irradiance, temperature, nutrient, and water
availability result in imbalances between the light en-
ergy absorbed through photochemistry and energy uti-
lization through photosynthetic electron transport cou-
pled to carbon, nitrogen, and sulphur reduction. This
leads to photoinhibition of photosynthesis under con-
trolled laboratory conditions as well as natural field
conditions (Powles, 1984; Krause, 1988; Aro et al.,
1993; Long et al., 1994; Keren and Ohad, 1998). Re-
covery from photoinhibition in plants, green algae,
and cyanobacteria is thought to involve a PS II re-
pair cycle in which photodamaged D1 is degraded and

Abbreviations: A-band – thermoluminescence band between −
15◦ and −10◦C; A – antheraxanthin; B1-band – thermolumi-
nescence band between +20◦C and +30◦C in the absence of
DCMU; B2-band – thermoluminescence band between +35◦

and +40◦C in the absence of DCMU; C-band – thermolumines-
cence band between +50◦ and +60◦C; CHB – cold hard band;
Cyt b559 – cytochrome b559; D1 – photosystem II reaction center
polypeptide; D2 – photosystem II reaction center polypeptide;
ELIPs – early light inducible proteins; Fo – minimum yield of
chlorophyll fluorescence at open PS II centers in dark-adapted
leaves; Fm – maximum yield of fluorescence at closed PS II
reaction centers in dark adapted leaves; Fv – variable yield of
fluorescence in dark adapted leaves; Fv/Fm – maximum PS II
photochemical efficiency in dark adapted leaves; LHCII – the
major Chl a/b pigment-protein complex associated with PSII;
NPQ – non-photochemical quenching; OEC – oxygen evolving
complex; Pheo – pheophytin; PI – photoinhibition; PS I – pho-
tosystem I; PS II – photosystem II; PS IIα – photosystem IIα
centers; PS IIβ – photosystem II β centers; PsbS – PS II sub-
unit and gene product of the PsbS gene; PsbZ – PS II subunit
and gene product of ycf9; PQ – plastoquinone; Q-band – ther-
moluminescence band between 0◦ and +10◦C in the presence of
DCMU; QA – primary electron-accepting quinone in PS II reac-
tion centers; QB – secondary electron-accepting quinone in PS II
reaction centers; qE – �pH-dependent high energy quenching;
qN – non-photochemical quenching coefficient; qO – quenching
coefficient for basal fluorescence; qP – photochemical quenching
coefficient; Qy – chlorophyll a absorption band; TL – thermo-
luminescence; TM – temperature of maximum thermolumines-
cence emission; V – violaxanthin; Z – zeaxanthin; Zv – thermo-
luminescence band between −80◦ and −30◦C

the resynthesized D1 is re-inserted to form a func-
tional PS II reaction center (Aro et al., 1993; Keren
and Ohad, 1998; Melis, 1999). It has been shown in
some chilling-sensitive plant species, green algae, and
cyanobacteria that protection against photoinhibition
may be accounted for, in part, by the rate of repair rel-
ative to the rate of photodamage to D1 (Nishida and
Murata, 1996; Keren and Ohad, 1998; Melis, 1999).
Alternatively, certain cold tolerant plant species such
as winter wheat (Triticum aestivum L), rye (Secale ce-
reale L), and Arabidopsis thaliana, exhibit a minimal
dependence on D1 repair but exhibit increased pho-
tosynthetic capacity and reprogramming of photosyn-
thetic carbon metabolism in response to cold acclima-
tion (Huner et al., 1993; Hurry et al., 1995; Strand et al.,
1997; Demmig-Adams et al., 1999; Adams et al., 2001;
Stitt and Hurry, 2002; A. Strand et al., 2003). Although
the Mehler reaction appears to contribute to photo-
protection in cold tolerant cereals, cold acclimation of
Monopol wheat results in the repression of photores-
piration (Savitch et al., 2000). This reprogramming of
metabolism results in an increased capacity to keep QA

oxidized and PS II reaction centers open under high ex-
citation pressure induced by either excessive irradiance
or low temperatures (Huner et al., 1998; Huner et al.,
2003; Öquist and Huner, 2003). Thus, photoprotection
in these species is accomplished, in part, through an
increase in photochemical quenching (qP) (Krause and
Jahns, 2003).

In contrast to the D1 repair cycle and photochemical
quenching, the concept of radiationless dissipation of
excess energy through antenna quenching was origi-
nally developed on the basis of the Butler model for
energy transfer and used to account for Chl fluores-
cence quenching (Butler, 1978). Non-photochemical
quenching (NPQ) of excess excitation energy in the
antenna pigment bed of PS II is considered to be the ma-
jor PS II photoprotective mechanism (Demmig-Adams
and Adams, 1992; Horton et al., 1999; Demmig-
Adams et al., 1999; Gilmore, 2000; Gilmore and Ball,
2000; Ort, 2001; Demmig-Adams and Adams, 2002).
Recently, the term, feedback de-excitation, has been
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used to describe this protective mechanism (Kulheim
et al., 2002). However, there is also evidence for
the non-photochemical dissipation of excess energy
through the PS II reaction center rather than through
the antenna (Weis and Berry, 1987; Krause and Weis,
1991; Walters and Horton, 1993; Buhkov et al., 2001;
Lee et al., 2001; Ivanov et al., 2001, 2002; Sane et al.,
2002, 2003; Matsubara and Chow, 2004; Finazzi et al.,
2004). Hence this photoprotective mechanism is called
reaction center quenching.

We begin our discussion with a brief comparison of
antenna quenching versus reaction center quenching
and provide past and recent evidence that support a sig-
nificant role for reaction center quenching in the pho-
toprotection of PS II. This is followed by a discussion
of thermoluminescence as a sensitive technique to de-
tect reaction center quenching during photoinhibition
of photosynthetic organisms as diverse as cyanobacte-
ria, green algae, conifers, and herbaceous plants. We
conclude that, as originally suggested by Krause and
Weis (1991), it is probable that both reaction center and
antenna quenching function in vivo to different extents
depending on the environmental conditions to protect
PS II from photodamage.

II. Antenna Quenching

Because antenna quenching is the focus of several other
chapters in this volume, we will describe only its es-
sential characteristics here. Although not always the
case (Hurry et al., 1997), non-photochemical quench-
ing (NPQ) of excess excitation energy is thought to oc-
cur through the interconversion of the light harvesting
xanthophyll, violaxanthin (V), to the energy quench-
ing xanthophylls, antheraxanthin (A) and zeaxanthin
(Z), and is considered to be the major PS II photo-
protective mechanism (Demmig-Adams and Adams,
1992; Horton et al., 1999; Demmig-Adams et al., 1999;
Gilmore, 2000; Gilmore and Ball, 2000; Ort, 2001;
Demmig-Adams and Adams, 2002). Two major mech-
anisms have been proposed to account for antenna
quenching via the xanthophyll cycle. The direct mecha-
nism proposes that the S1 state of A and Z within LHCII
is lower than that of Chl a within the antenna pigment
bed. Thus, A and Z are not able to transfer energy to
the S1 state of antenna chlorophyll whereas V is able to
transfer energy. Consequently, excited state A and Z de-
cay to ground state with the release of heat (Frank et al.,
1994). This light dependent, reversible interconversion
of V to A and Z has been called a ‘molecular gear
shift’ regulating energy transfer within LHCII (Frank
et al., 1994). Although the data reported by Polivka

et al. (1999; 2002) do not support the ‘molecular gear
shift’ hypothesis, recent convincing evidence has been
reported in support for the direct mechanism for non-
photochemical quenching through zeaxanthin in the
antenna (Ma et al., 2003; Dreuw et al., 2003a, 2003b;
Holt et al., 2005). In contrast, the indirect mechanism
proposes that the transthylakoid �pH gradient and the
xanthophyll cycle pigments regulate the oligomeriza-
tion state of LHCII that affects the rapidly relaxing
energy-dependent component (qE) of NPQ (Horton
et al., 1999; Ruban et al., 2002; Aspinall-O’Dea et al.,
2002; Wentworth et al., 2003). In support of the indi-
rect mechanism, Elrad et al. (2002) reported that LHCII
trimerization is required for antenna quenching in the
npq5 mutant of Chlamydomonas reinhardtii. Clearly,
the underlying mechanism by which the xanthophyll
cycle regulates antenna quenching remains controver-
sial.

Regardless of the mechanism of antenna quench-
ing, the persistent retention of Z and A in overwin-
tering plants led to the development of the concept
of sustained xanthophyll-dependent energy dissipa-
tion, which involved sustained thylakoid lumen acid-
ification, even in the dark (Gilmore, 1997; Demmig-
Adams et al., 1996; Adams et al., 2001). Sustained
energy dissipation through the antenna has been
suggested as an important protective mechanism en-
abling evergreen plants to maintain their leaves dur-
ing the winter. Many mesophytic overwintering plants
such as Malva, Arabidopsis, and winter cereals ex-
hibit a ‘cold-sustained’, non-photochemical quenching
which is rapidly reversible upon warming. In addition
to this reversible form, schlerophytic evergreens also
exhibit a sustained form of zeaxanthin-dependent non-
photochemical quenching which predominates during
the winter and is not rapidily reversible upon either
warming or the presence of uncouplers. This persis-
tent quenching appears to be associated with the re-
organization of the LHCII into xanthophyll-containing
aggregates induced by a combination of low temper-
ature and high light (Gilmore and Ball, 2000; Öquist
and Huner, 2003; Gilmore et al., 2003). However, this
persistent type of sustained quenching has not been
reported for mesophytic plant species (Adams et al.,
2002; Adams et al., 2004). In addition to its role
in non-photochemical quenching, Z also appears to
act as an anti-oxidant to protect against photooxida-
tive stress (Havaux and Niyogi, 1999; Baroli et al.,
2003).

Recently, major insights into our understanding of
the molecular mechanism(s) of NPQ have occurred as
a consequence of the isolation of NPQ mutants of Ara-
bidopsis thaliana and Chlamydomonas reinhardtii. The
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PsbS deletion mutant, npq4-1 (Li et al., 2000) and var-
ious PsbS-defective mutants of Arabidopsis (Niyogi,
1999; Havaux and Kloppstech, 2001; Peterson and
Havir, 2001, 2003; Grasses et al., 2002) are impaired in
the development of NPQ. However, despite the devel-
opment of mutants specifically deficient in PsbS and
NPQ, the precise function of the PsbS protein, and
its specific role in NPQ remains equivocal. Based on
the original observation that PsbS binds chlorophylls
and xanthophylls (Funk, 2001), and its role in the de-
velopment of qE, Li et al. (2002) suggested that this
protein is the site of �pH and xanthophyll-dependent
NPQ. However, more detailed biochemical analyses
suggest that the PsbS protein does not bind pigments
(Dominici et al., 2002). This is in agreement with the
fact that most of the highly conserved amino acids
that form the ligands for chlorophyll in most of the
LHC proteins (Kühlbrandt et al., 1994; Bassi et al.,
1999) are not found in PsbS. In addition, the availabil-
ity of the 3D map of the PS II supercomplex (Nield
et al., 2000a) and the structure of the LHCII trimer
(Kühlbrandt et al., 1994) indicate that there is not suf-
ficient space to accommodate the PsbS protein within
the LHCII-PSII supercomplex (Nield et al., 2000b).
Through fluorescence analysis of the npq4-1 mutant of
Arabidopsis thaliana lacking PsbS, Peterson and Havir
(2003) have suggested that the PsbS polypeptide may
regulate exciton distribution within PS II. Wentworth
et al. (2003) suggest that the role of PsbS is to regu-
late the oligomerization of antenna complexes involved
in antenna quenching. However, Holt et al. (2005) re-
ported that PsbS regulates NPQ through a chlorophyll-
zeaxanthin heterodimer. A detailed summary of the
structure and function of this intriguing protein is pro-
vided by Funk (2001) and by Niyogi et al. (2005).

Swiatek et al. (2001) have provided convincing ev-
idence that the ycf9 gene which encodes PsbZ, a core
PS II subunit, plays a critical role in NPQ in to-
bacco and Chlamydomonas reinhardtii. PsbZ appears
to stabilize the supramolecular organization of PS II
core complexes with the peripheral antennae (Swiatek
et al., 2001). Although NPQ was significantly inhibited
in �ycf 9 tobacco plants (associated with a decrease
in the level of PsbZ), PsbS accumulation was unaf-
fected in this mutant. Furthermore, PsbZ is present in
phycobilisome-containing eukaryotic and prokaryotic
organisms that exhibit NPQ but no xanthophyll cycle.
Swiatek et al. (2001) suggest that PsbZ is a critical com-
ponent in the regulation of NPQ in these organisms.

Early light-inducible proteins (ELIPs) are a family
of proteins related to the LHC gene family (Montane
and Kloppstech, 2000). ELIPs have also been shown

to accumulate under conditions of high light or low
temperature stress in mature leaves under controlled as
well as natural field conditions (Lindahl et al., 1997;
Montane et al., 1997; Norén et al., 2003) and dur-
ing chloroplast development (Meyer and Kloppstech,
1984; Krol et al., 1999). Although it is presumed that
they are involved in the non-photochemical photopro-
tection of PS II, their precise role still remains to be
elucidated.

III. Reaction Center Quenching

The concept of antenna quenching is based on Butler’s
model (Butler, 1978) and assumes that the rate constant
for energy transfer to PS II reaction centers exceeds the
rate constant for the back-transfer of energy from the
reaction center to the antenna. This led to the concept of
a PS II unit as an energy funnel. However, fluorescence
lifetime measurements indicate that the equilibration of
excitons between antennae and reaction centers is one
order of magnitude faster than charge separation. Thus,
PS II is trap limited and the reaction center appears to
act not as a funnel but as a shallow trap (Schatz et al.,
1988).

Although a major focus of recent research on pho-
toprotection has been on the contribution of antenna
quenching to NPQ, there is historical precedence for al-
ternative mechanisms for the dissipation of excess light
and photoprotection of PS II reaction centers (Krause,
1988; Krause and Weis, 1991; Walters and Horton,
1993). Considerable evidence for non-photochemical
quenching through reaction center quenching has been
provided in plants as well as cyanobacteria (Briantais
et al., 1979; Weis and Berry, 1987; Krause, 1988;
Vavilin and Vermaas, 2000; Bukhov et al., 2001; Sane
et al., 2002). Exposure of spinach, wheat, and rye
plants to photoinhibitory conditions is associated with
quenching of Fv. This reflects the quenching of fluo-
rescence within PS II reaction centers with minimal
effects on antenna quenching as indicated by minimal
changes in Fo fluorescence (Krause, 1988; Somersalo
and Krause, 1990; Huner et al., 1993). It has been pro-
posed that reaction center quenching is the result of
the conversion of photochemically active, fluorescent,
closed PS II reaction centers into photochemically in-
active, non-fluorescent, PS II reaction centers (Krause,
1988; Krause and Weis, 1991). The photoinactivated PS
II reaction centers act as PS II quenching centers and

(PS II)OPEN
hv↔ (PS II)CLOSED

[H+]↔ (PS II)QUENCHER (1)

ACTIVE INACTIVE
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dissipate energy as heat, preventing further damage
not only to the photoinactivated reaction centers
themselves but also neighboring active PS II reaction
centers through their role as sinks for excitation energy
(Öquist et al., 1992; Lee et al., 2001; Matsubara and
Chow, 2004). The relative proportion of active PS II
centers versus inactive centers is dependent both on
the intrathylakoid �pH as well as proportion of closed
reaction centers measured as the relative reduction
state of QA (Weis and Berry, 1987; Krause and Weis,
1991; Krause and Jahns, 2003). Furthermore, the
proportion of PS II quenching centers has been shown
to be sensitive to the level of photoinhibition to which
plants are exposed (Lee et al., 2001). Based on a
theoretical assessment of alternative mechanisms for
NPQ in Hordeum vulgare, Walters and Horton (1993)
concluded that reaction center quenching is operative
only when reaction centers are closed, that is, when
QA is in the reduced state.

The presence of functionally distinct populations of
PS II, that is PS IIα and PS IIβ centers, was used to ex-
plain the biphasic Chl fluorescence induction kinetics
induced upon illumination (Melis and Homan,1976).
In the PS II repair cycle, functionally active PS IIα
centers are thought to be damaged by photoinhibition
(PI), transformed into inactive PS IIβ centers which
are subsequently repaired by the de novo synthesis of
D1 (Melis, 1999). Thus, recovery from photoinhibi-
tion was presumed to be dependent upon chloroplastic
protein synthesis (Greer et al., 1986; Aro et al., 1993;
Keren and Ohad, 1998; Melis, 1999). However, pho-
toinhibition of PS II in spinach (Somersalo and Krause,
1990; van Wijk and van Hasselt, 1993), wheat as well
as rye (Huner et al., 1993) indicated the presence of a
form of PS II that quenched Chl fluorescence through
the reaction center that exhibited a rapid, temperature-
independent recovery, with a t1/2 of 15–30 min, the for-
mation of which was light-dependent but independent
of chloroplastic protein synthesis. This fast recovery
component of PS II was suggested to represent PS IIα
quenching centers that are rapidly and reversibly inter-
converted to active PS IIα centers (Krause and Weis,
1991; Huner et al., 1993).

PS IIα (active)
PI↔

fast
PS IIα (quencher) (2)

In a detailed flash-induced analysis of basal (Fo) and
maximal (Fm) fluorescence, Delrieu (1998) demon-
strated that fluorescence quenching might result from
a conversion of PS IIα-centers (dimers) to PS IIβ–
centers (monomers) in a low fluorescence state. The
monomerization of PS II centers can be triggered by

light (Kruse et al., 1997) that effectively decreases the
absorption cross-section of PS II (Delrieu, 1998). Fur-
thermore, it was shown that PS II quenching centers
increase with the severity of photoinactivation (Lee
et al., 2001) and dissipate excess excitation energy as
heat (Krause, 1988). Krause and Weis (1991) suggested
that both reaction center and antenna quenching play
important roles in the photoprotection of PS II.

IV. Thermoluminescence

Photosynthetic thermoluminescence (TL) is the light
emitted from a frozen (77◦K), preilluminated leaf, al-
gal, or cyanobacterial sample that is gradually heated
in darkness. This technique represents a simple but
powerful probe of PS II photochemistry (Inoue, 1996;
Ke, 2001; Ducruet, 2003). Photosynthetic TL arises
from the reversal of PS II charge separation through
the thermally-dependent recombination of the nega-
tive charges stabilized on Q−

A and Q−
B on the acceptor

side of PS II with the positive charges accumulated in
the S2 and S3-states of the oxygen evolving complex
(OEC) (Sane and Rutherford, 1986; Inoue, 1996; Ke,
2001; Ducruet, 2003). Light-induced PS II charge sep-
aration generates a singlet radical pair 1[P680+ Pheo−]
within a few picoseconds that subsequently proceeds
to stabilization of negative and positive equivalents at
the acceptor (Q−

A, Q−
B ) and donor sides (S+

2 , S+
3 -states)

of PS II respectively and the regeneration of ground
state P680. Although a major part of the light energy
captured is stored as redox potential difference between
the donor and acceptor sides of PS II, part of the cap-
tured energy is lost as ‘stabilization energy’ that re-
sults in the trapping of the separated donor-acceptor
charge pair (Inoue, 1996; Ke, 2001; Ducruet, 2003).
This free energy trap represents the activation energy
barrier against charge recombination, and as a conse-
quence, increases the probability of forward electron
transfer relative to reverse electron transfer. However,
when thermal activation energy is provided externally,
charge recombination becomes possible with the re-
excitation of P680 to P680* and the thermally-induced
light emission from either P680* or core antenna Chl
(Inoue 1996; Ducruet, 2003).

Thermally-induced PS II recombination events are
distinguished by their characteristic emission peak
temperatures (TM). A deconvoluted TL glow curve
of a photosynthetic sample pre-illuminated with con-
tinuous light (Fig. 1A) typically consists of six dis-
tinct emission peaks or bands (Vass and Govindjee,
1996; Inoue, 1996; Ke, 2001; Ivanov et al., 2002;
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Fig. 1. Thermoluminescence glow curves and mathematical
resolution of glow curves in sub-bands in Scots pine (Pinus
sylvestris L.) needles collected during summer (A) and in winter
(B). Experimental curves (-) represent averages of 3 to 5 scans.
–o– Computer-generated sum of sub-bands; · · · − computer-
fitted sub-band. (From Ivanov et al., 2002)

Ducruet, 2003). The Zv-band occurs between −80◦ and
−30◦C and is thought to reflect P680+Q−

A recombina-
tion whereas the A-band detected at about −10◦C has
been assigned to S3Q−

A recombinations. The B1-band
assigned to S3Q−

B recombinations and the B2-band as-
sociated with S2Q−

B recombinations are typically de-
tected between +20◦ to +30◦C and between +35◦ to
+40◦C respectively. In the presence of DCMU, the
B-bands are significantly reduced and replaced with a
new emission band at between 0◦ and +10◦C called the
Q-band which has been shown to be associated with
S2Q−

A recombinations (Inoue, 1996; Ke, 2001). The
C-band assigned to Y+

DQ−
Arecombinations is detected

at temperatures of about +50◦C.
An upshift in the peak temperature for a particular

recombination event indicates an increase in the activa-
tion energy required for that recombination event. This
implies a change in the PS II reaction center that has
increased the depth of the trap between the charged
pairs making it energetically less favourable for
charge recombination. Alternatively, a downshift in the

peak temperature for a particular recombination event
indicates a decrease in the activation energy required
for that recombination event. This implies a shallower
trap between the charged pairs of the PS II reaction
center making it energetically more favourable for the
recombination event.

Since the free energy of activation for recombina-
tion is related to the redox midpoint potential differ-
ence between the recombining species (Devault and
Govindjee, 1990), an upward shift in the temperature
for a TL peak emission maximum has been interpreted
to indicate an increase in the redox potential difference
between the recombining species. Conversely, a down-
ward shift in the temperature for a TL emission maxi-
mum has been interpreted to reflect a decrease in the re-
dox potential difference between recombining species
(Devault and Govindjee, 1990). Thus, changes in the
temperature maxima for TL emission have usually been
discussed in terms of changes in redox potentials of re-
combining species within PS II reaction centers (Mayes
et al., 1993; Nixon et al., 1995; Minagawa et al., 1999;
Sane et al., 2002, 2003). However, through crystallo-
graphic analyses of reaction centers of Rhodobacter
sphaeroides, Stowell et al. (1997) showed light-induced
protein conformational changes within these reaction
centers that altered the rate of electron transfer between
QA and QB with no changes in redox potential. Thus,
an alternative explanation for the shifts in the TL tem-
perature maxima may be that they reflect alterations
in the activation energy required to alter PS II reac-
tion center protein conformation rather than changes
in redox potential per se. Although changes in TM have
been primarily interpreted to indicate changes in the
redox potential of PS II reaction center components,
this alternative explanation should not be ignored.

V. Photoprotection through Reaction
Center Quenching

The over-reduction of QA has been suggested as a ma-
jor prerequisite for efficient dissipation of the excess
light within the reaction center of PS II (Krause, 1988;
Walters and Horton, 1993; Bukhov et al., 2001; Öquist
and Huner, 2003). Non-radiative charge recombination
between Q−

A and the donor side of PS II has been sug-
gested as a mechanism for the dissipation of excita-
tion energy by PS II reaction center quenching (Bri-
antais et al., 1979; Weis and Berry, 1987; Vavilin and
Vermaas, 2000). This is consistent with the recent re-
ports that the overwintering evergreens, snow gum and
mistletoe, exhibit a distinctive ‘cold-hard-band’ (CHB)
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in their 77K fluorescence emission spectrum that is as-
sociated with Chl aggregation and dissipates excess
energy as heat from PS II while simultaneously de-
creasing the quantum yield of PS II (Gilmore and Ball,
2000; Gilmore et al., 2003). Below, we summarize re-
cent data for the direct estimation of the redox prop-
erties of the acceptor side of PS II (QA and QB) using
thermoluminescence and its implications for reaction
center quenching as an alternative mechanism for the
non-radiative dissipation of excess light energy during
cold stress, cold acclimation, and high light stress of
the cyanobacterium, Synechococcus sp. PCC 7942, the
conifer, Pinus sylvestris, the model plant species, Ara-
bidopsis thaliana, and the model green alga, Chlamy-
domonas reinhardtii. Since the effects of low temper-
ature on the TL peak temperatures can be mimicked
by high light, we suggest that the alterations in the ac-
tivation energies for PS II charge recombination pairs
reflect a response to excitation pressure, the relative re-
duction state of QA measured either as 1 − qP (Huner
et al., 1998; Bukhov et al., 2001) or 1 − qL (Kramer
et al., 2004). This is consistent with earlier theoretical
considerations of reaction center quenching in barley
(Walters and Horton, 1993).

A. Synechococcus sp. PCC 7942

Unlike eukaryotic photosynthetic organisms that con-
tain a single chloroplastic psbA gene encoding the
PS II reaction center polypeptide, D1, the cyanobac-
terium Synechococcus sp. PCC 7942 possesses three
genes that are differentially regulated by light (Golden
et al., 1986; Schaefer and Golden, 1989). Under normal
growth light conditions, Synechococcus sp. PCC 7942
exhibits the presence of form one of the D1 reaction
center polypeptide (D1:1). However, upon exposure to
high light, D1:1 is exchanged for form two of the PS
II reaction center polypeptide (D1:2). Cells expressing
D1:2 exhibit decreased susceptibility to photoinhibi-
tion compared to those expressing D1:1 (Krupa et al.,
1990, 1991). However, Campbell et al. (1995) reported
that low temperature stress mimicked the effects of high
light in inducing the exchange of D1:1 for D1:2 in Syne-
chococcus sp. PCC 7942. Furthermore, they showed
that this PS II reaction center polypeptide exchange
was a transient phenomenon.

The effect of D1 replacement on the charge recom-
bination events between the acceptor and donor sides
of PS II were examined recently in Synechococcus sp.
PCC 7942 cells exposed to short term low temperature
stress (Sane et al., 2002). The TL data demonstrate that
exposing Synechococcus cells grown at 36◦C to 25◦C

T
e

m
p

e
ra

tu
re

 (
∞C

)

A
40

35

30

25

20

15

120

100

80

60

S
2
Q

A
-

S
3
Q

B
-

S
3
Q

A
-

B

C

0

Time after transfer (min)

100 200 300 400

T
e

m
p

e
ra

tu
re

 (
∞C

)
T

L
 y

ie
ld

 (
%

 o
f 

c
o

n
tr

o
l)

25

S
2
Q

B
-

Fig. 2. Time course of S2Q−
B and S2Q−

A (A) and S3Q−
B and

S3Q−
A (B) characteristic peaks in wild type Synechococcus sp.

PCC 7942 cells during the temperature shift from the growth
temperature of 36◦C to 25◦C for the first 180 min and back to
36◦C for the second part of the curve. C – Relative TL yield
measured as the total area under the experimental glow curves.
The peak positions were estimated by decomposition analysis of
the experimental TL curves after illumination with continuous
white light. The presented mean values ± SE are calculated
from 6–8 measurements in 3–5 independent experiments. ↑ –
shift from 25◦C back to 36◦C. (From Sane et al., 2002)

shifted the recombination temperatures of S2Q−
B and

S3Q−
B pairs closer to those of S2Q−

A and S3Q−
A pairs

(Fig. 2A). The characteristic TM of S2Q−
B decreased

gradually from about 40◦C to 30◦C after 180 min of low
temperature stress. Transferring the cells from 25◦C
back to the normal growth temperature of 36◦C caused
a shift of the S2Q−

B peak back to about 40◦C, indicat-
ing that the shifts in TM are completely reversible. A
similar trend was observed for S3Q−

B recombinations.
In contrast, the TM for S2Q−

A and S3Q−
A recombinations

remained fairly constant during the temperature shifts
indicating the changes in TM are specific for Q−

B recom-
binations (Fig. 2B). Furthermore, the overall TL yield
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also decreased by 30% after the 180 min exposure of
the cells to low temperature, and this effect was also
fully reversible after shifting the cultures back to 36◦C
(Fig. 2C; Sane et al., 2002). The reversible exchange
of D1:1 for D1:2 followed the kinetics observed for
the reversible changes in TM (Fig. 3). These data in-
dicate that in cold-stressed cells exhibiting D1:2, the
redox potential of QB becomes lower approaching that
of QA. A similar shift in the redox potential of QB was
confirmed independently of growth temperature by ex-
amining the Synechococcus sp. PCC 7942 inactivation
mutants R2S2C3 and R2K1 which possess either D1:1
or D1:2 respectively (Sane et al., 2002).
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Fig. 3. Representative immunoblots (A) and densitometric anal-
ysis (B) of D1:1 and D1:2 polypeptides of PS II during the tem-
perature shift of Synechococcus sp. PCC 7942 cells from 36◦C
to 25◦C for 180 min and back to 36◦C. Polypeptide abundance
was detected by immunoblotting after SDS-PAGE with D1:1
and D1:2 specific antibodies. Mean values ± SE were calcu-
lated from 5–7 independent experiments. The data for relative
abundance of D1:1 was normalized to its maximal values in
control non-treated cells and for D1:2 to its maximal values
after 180 min at 25◦C. (From Sane et al., 2002)

We suggest that PS II reaction center protein ex-
change of D1:1 for D1:2 changes the redox proper-
ties of QB creating an altered charge equilibrium in
favour of QA (Sane et al., 2002). This would increase
the accumulation of Q−

A and enhance the probabil-
ity of non-radiative PS II reaction center quenching.
Cyanobacteria synthesize zeaxanthin de novo from β-
carotene in response to excess light (Adams et al.,
1993; Ibelings et al., 1994; Masamoto and Furukawa,
1997), and although these prokaryotes lack xantho-
phyll cycle-dependent antenna quenching, they do pos-
sess the capability of utilizing zeaxanthin-dependent
antenna quenching (Demmig-Adams et al., 1990). PS
II reaction center quenching associated with the D1:1 /
D1:2 exchange may, in part, contribute to the enhanced
resistance to photoinhibition induced either by high
light or low temperature in cyanobacteria (Krupa et al.,
1990, 1991; Campbell et al., 1995).

B. Pinus sylvestris

The acceptor side of PS II has generally been consid-
ered to be a primary target for photoinhibition of pho-
tosynthesis (Powles, 1984; Krause, 1988; Öquist et al.,
1992; Aro et al. 1993; Long et al., 1994; Keren and
Ohad, 1998; Melis, 1999). The winter-induced inhibi-
tion of PS II photochemistry in Scots pine in vivo has
been ascribed also to low temperature-induced photoin-
hibition of PS II (M. Strand and Öquist, 1985). Thus,
the effects of photoinhibition on the charge recombina-
tion events between the acceptor and donor sides of PS
II in Scots pine needles under both controlled environ-
ment as well as natural field conditions were assessed
by TL (Ivanov et al., 2001, 2002).

As expected, TL glow emission curves of control,
non-hardened pine needles pre-illuminated with con-
tinuous light were resolved into six distinct peaks with
characteristic TM corresponding to Zv (P680+Q−

A re-
combination), and A (S3Q−

B ) bands below 0◦C and to
Q (S2Q−

A), B1 (S2Q−
B ), B2 (S3Q−

B ), and C (TyrD+Q−
A)

bands above 0◦C (Fig. 1A). In contrast, the cold hard-
ened pine TL glow curves were best fitted with only
three emission bands with TM corresponding to the
ZV, Q, and B peaks with a concomitant decrease in
the total TL emission (Fig. 1B; Ivanov et al., 2001).
These effects on TL emission were reversible upon re-
covery of the pine needles from low temperature pho-
toinhibition under laboratory conditions. In contrast to
non-hardened needles, the treatment of cold hardened
needles with DCMU to block the electron transfer from
QA to QB, did not cause any significant changes in ei-
ther the TL yield, the TM, or the relative contribution
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of each peak to the overall glow curve. Furthermore,
needles from cold hardened pine exhibited a significant
inhibition of electron transfer from QA to QB relative
to summer pine needles (Ivanov et al., 2001). This is
consistent with the thesis that Q−

A accumulates in PS
II reaction centers of cold hardened pine needles to a
greater extent than that in non-hardened pine needles
due to an over-reduced PQ pool. These results are in
agreement with earlier reports indicating that DCMU
mimics the effects of low temperature photoinhibition
of PS II in pine (Öquist and Martin, 1980), Pisum
sativum (Farineau, 1993), and Chlamydomonas rein-
hardtii (Ohad et al., 1988). The lower total TL emission
from winter pine needles and the relatively strong Zv

band accounting for almost 60% of the total lumines-
cence is indicative of a preferred back reaction of QA

with primary donors and a low probability of transfer
of electrons from QA to QB (Ivanov et al., 2001). In ad-
dition, the S2Q−

B charge recombinations were shifted
to lower temperatures in cold hardened pine needles
than non-hardened pine with little change in the TM for
S2/S3Q−

A recombinations (Ivanov et al., 2001; 2002).
Thus, cold hardening conditions appear to cause major
changes in the redox properties on the acceptor-side of
PS II in Pinus sylvestris.

Seasonal dynamics of TL in Scots pine needles under
natural field conditions showed that between November
and April the contribution of the Q- and B-bands to the
overall TL emission was less than 5%. During spring,
the relative contribution of the Q- and B-bands, corre-
sponding to charge recombination events between the
acceptor and donor sides of PS II, rapidly increased,
reaching maximal values in late July. Clearly, the re-
versible changes in the TL emission bands are observed
both under controlled laboratory conditions as well
as on a seasonal basis in Pinus sylvestris under nat-
ural conditions (Ivanov et al., 2002). Thus, the winter
inhibition of photosynthesis in Scots pine is associ-
ated with major changes on the acceptor-side of PS II.
We suggest that exposure to winter conditions nar-
rows the redox potential gap between QB and QA caus-
ing the accumulation of Q−

A and enhancing the prob-
ability for charge recombination within PS II reaction
centers through a non-radiative pathway (Vavilin and
Vermaas, 2000). This reaction center quenching may
enhance the protection of PS II reaction centers through
the dissipation of excess absorbed energy and comple-
ment the capacity for antenna quenching under condi-
tions where the enzyme-dependent xanthophyll cycle
is thermodynamically restricted resulting in a sustained
non-photochemical quenching (Öquist and Huner,
2003).

C. Arabidopsis thaliana

Relative to winter wheat and winter rye, cold acclima-
tion of Arabidopsis thaliana results in an incomplete re-
covery of photosynthetic capacity (Savitch et al., 2001).
Thus, the possibility of cold induced alterations of PS
II was also addressed by TL measurements for direct
estimation and comparison of the redox properties of
PSII in control, non-hardened, cold-stressed, and cold-
acclimated Arabidopsis plants (Sane et al., 2003). As
observed in Synechococcus and Pinus sylvestris, cold
stress and cold acclimation of Arabidopsis thaliana
resulted in significant shifts in the TM for the flash
induced TL-bands. However, in contrast to results for
pine and Synechococcus, cold acclimated Arabidop-
sis exhibited a characteristic upshift of the TM asso-
ciated with S2Q−

A recombination with a concomitant
downshift in the TM associated with S2Q−

B recombina-
tions relative to control plants (Fig. 4) (Sane et al.,
2003). These data were confirmed by assessing the
time course for the shift in the S2Q−

A and S2Q−
B peak

temperatures when non-hardened control plants were
transferred from 23◦C to 5◦C. The characteristic TM of
S2Q−

B peak exhibited a gradual downshift while the TM

of S2Q−
A exhibited a gradual upshift such that the initial

gap of 55◦C between S2Q−
A and S2Q−

B in non-hardened
Arabidopsis was narrowed to about 36◦C over a period
of 4 weeks of cold acclimation (Sane et al., 2003). In
addition, the relative TL yield measured as the inte-
grated area under the glow curves also decreased in
non-hardened plants transferred to 5◦C such that after
24 days at low temperature, the non-hardened plants ex-
hibited overall TL luminescence close to that in fully
cold acclimated Arabidopsis (Sane et al., 2003). This
has been interpreted to indicate major alterations in
the redox properties of the acceptor-side of PS II dur-
ing cold stress and cold acclimation in Arabidopsis,
increasing the probability of non-radiative dissipation
through PS II reaction center quenching and comple-
menting the capacity for antenna quenching to protect
PS II from over excitation.

To assess the relative contributions of antenna
quenching to total non-photochemical quenching in
non-acclimated and cold acclimated Arabidopsis, qO,
a measure of antenna quenching (Bukhov et al., 2001;
Krause and Jahns, 2003), was plotted as a function of
qN (Fig. 5). If all of the non-photochemical quench-
ing was due to antenna quenching, one would expect a
positive, straight line relationship between qO and qN

(Fig. 5). However, there is a clear curvilinear relation-
ship between qO and qN in non-hardened Arabidopsis
(Fig. 5), indicating significant contributions to qN that
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Fig. 4. A – Time course of the characteristic TM of S2Q−
B and

S2Q−
A peaks in Arabidopsis leaves during the temperature shift

of control (NH) plants from the growth temperature of 23◦C
and 250 μmol photons m−2 s−1 to 5◦C and the same irradiance.
The peak positions were estimated by decomposition analysis
of the experimental curves in control and in DCMU treated
leaves. B – Relative TL yield measured as the total area under
the experimental glow curves. The mean values ± SE were cal-
culated from 6–8 measurements in 3 independent experiments.
NH – control (non-hardened) plants grown at 23◦C, 250 μmol
photons m−2 s−1, and a 16h photoperiod; CH – fully cold-
acclimated plants grown at 5◦C, 250 μmol photons m−2 s−1,
and a 16h photoperiod. (From Sane et al., 2003)

do not originate from antenna quenching. This curvilin-
ear relationship is accentuated in cold acclimated Ara-
bidopsis where up to 75% of the non-photochemical
quenching appears to be due to a quenching compo-
nent(s) that is/are independent of qO, that is, indepen-
dent of the antenna. It has been suggested that PS II
reaction center quenching represents the source of this
additional quenching capacity (Buhkov et al., 2001;
Sane et al., 2003).

D. Chlamydomonas reinhardtii

Photoinhibition and PS II photodamage has been stud-
ied extensively in green algae such as Dunaliella salina
(Melis, 1999) and the model green alga, Chlamy-
domonas reinhardtii (Keren and Ohad, 1998). The
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Fig. 5. Non-photochemical (qN) versus qO chlorophyll fluores-
cence quenching measured at different actinic light intensities
in non-hardened (open symbols) and cold acclimated (closed
symbols) Arabidopsis leaves. Mean values ± SE were calcu-
lated from 3–4 independent experiments. qN values are pre-
sented as percentage of maximal qN registered during illumi-
nation with 1600 μmol photons m−2 s−1 actinic white light.
(From Sane et al., 2003)

consensus is that a continuous repair mechanism that
requires the de novo synthesis of D1 is operative during
photoinhibition and recovery in this green alga (Falk
et al., 1990; Keren and Ohad, 1998; Melis, 1999). Thus,
protection from photoinhibition is thought to reflect the
relative rates of photodamage versus the rates of repair
(Aro et al., 1993; Keren and Ohad, 1998; Melis, 1999).
Similar to Synechococcus (Krupa et al., 1990, 1991),
Chlorella vulgaris (Huner et al., 1998) and several plant
species (Somersalo and Krause, 1990; Huner et al.,
1993; Savitch et al., 2001), growth of Chlamydomonas
reinhardtii at low temperature (12◦C) increases the re-
sistance of these cells to high light regardless of the tem-
perature (Falk et al., 1990). It has been proposed that
this increased resistance to photoinhibition in Chlamy-
domonas reinhardtii is, at least in part, due to an in-
creased rate of repair of damaged D1 (Falk et al., 1990;
Keren and Ohad, 1998).

Through the generation of NPQ mutants in Chlamy-
domonas reinhardtii, the important role of antenna
quenching in photoprotection has been documented
in this model green alga (Niyogi, 1999). Results on



Chapter 11 Reaction Center Quenching 165

photoprotection in the npq5 mutant of Chlamydomonas
reinhardtii indicate that non-photochemical dissipation
through antenna quenching is mediated by trimeric
LHCII (Elrad et al., 2002). Furthermore, suppressors of
the npq1 lor1 double mutant in this green alga indicate
that zeaxanthin acts as an antioxidant in the quenching
of 1O2 and free radicals in addition to its role in antenna
quenching through the xanthophyll cycle (Baroli et al.,
2003).

What role, if any, does reaction center quenching
play in photoprotection of PS II of Chlamydomonas
reinhardtii? The data in Table 1 illustrate that at a con-
stant growth temperature of 29◦C, an increase in growth
irradiance from 20 to 500 μmol photons m−2 s−1 re-
sulted in a decrease in the temperature gap between
S2Q−

B and S2Q−
A from 21.5 to 7.5◦C. This 14◦C down-

ward shift in the TM for the S2Q−
B recombination oc-

curred with minimal changes in the S2Q−
A recombina-

tions. This indicates that exposure of Chlamydomonas
reinhardtii to high light narrows the redox potential
gap between QA and QB causing the accumulation of
Q−

A that increases the probability for charge recombi-
nation and PS II reaction center quenching. This appar-
ent light-dependent effect on TL emission was reversed
when high light-grown cells were shifted back to low
light.

However, the downward shift in the TM for S2Q−
B

can not be a simple high light effect since growth of
Chlamydomonas reinhardtii at low temperature and
moderate irradiance (15◦C and 150 μmol photons m−2

s−1) also caused a 15◦C downward shift in the TM

for S2Q−
B , the extent of which was comparable to that

observed for cells grown at high light with minimal
changes in the TM for S2Q−

A recombinations (Table
1). Furthermore, cells grown at low temperature and
low irradiance (15◦C and 20 μmol photons m−2 s−1)
exhibited a comparable downward shift to the cells
grown at 29◦C and moderate irradiance (150 μmol

Table 1. The effects of growth irradiance and growth tem-
perature on thermoluminescence TM in Chlamydomonas
reinhardtii.

Growth Regime

(◦C / μmol m−2 s−1) Temperature Gap (◦C)a

29 / 20 21.5
29 / 150 10.3
29 / 500 7.5
15 / 150 6.2
15 / 20 10.3
a The temperature gap was calculated as TM(S2Q−

B )–TM(S2Q−
A).

The light- and temperature-dependent changes in the tempera-
ture gap were due to downshifts in the TM for S2Q−

B since the TM

for S2Q−
A remained fairly constant under all conditions tested.

photons m−2 s−1). These results are consistent with
the fact that either increased irradiance or low tem-
perature does indeed increase the accumulation of Q−

A

in Chlamydomonas reinhardtii. Since low temperature
can mimic high light effects due to comparable mod-
ulation of the relative redox state of QA (Huner et al.,
1998), we conclude that reaction center quenching is
modulated by excitation pressure in Chlamydomonas
reinhardtii.

VI. Bioenergetics of Reaction Center
Quenching

Summarizing the experimental data discussed above,
it is evident that exposure to low temperatures causes
major alterations in the redox properties of the acceptor
side of PS II in various photosynthetic organisms. The
shifts in the characteristic TM of S2Q−

A and S2Q−
B re-

combinations in cold-acclimated Arabidopsis thaliana
with the QA- and QB-associated peaks appearing at
higher and lower temperatures, respectively, imply sub-
stantial changes in the activation energies associated
with de-trapping of the electron from reduced QA and
QB (Fig. 6A, B). Similar changes in the redox properties
of PS II have been observed by Briantais et al. (1992),
who reported a shift towards lower temperatures for
the S2Q−

B peak in cold acclimated spinach compared
to non-hardened plants. More recently, a downshift in
the TM of the B-band (S2Q−

B ) was observed in low tem-
perature grown maize (Janda et al., 2000). Because the
activation energies have been shown to be directly re-
lated to the redox potentials of the participating species
(Devault and Govindjee, 1990), narrowing the temper-
ature gap between the characteristic TM for QA and
QB may reflect a narrowing of the redox potential gap
between QA and QB as a result of cold acclimation
(Fig. 6).

The high temperature shift in the TM of S2Q−
A cor-

responding to increased activation energy of QA/Q−
A

in Arabidopsis thaliana would increase the free energy
gap between Q−

A and P680+. This could cause stabiliza-
tion of S2Q−

A and decrease the probability for the back
reaction through P680+Pheo− (Minagawa et al., 1999;
Vavilin and Vermaas, 2000). Moreover, the preferential
localization of the electron on QA in cold acclimated
Arabidopsis could also result from a change in the re-
dox potential of QB. Lowering the redox potential of
QB will narrow the gap between the redox potentials
between QA and QB even further, and will decrease
the probability for electron transfer between the two
quinone acceptors by shifting the redox equilibrium
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Fig. 6. Schematic diagram of the free energy levels explaining the differences in radiative vs non-radiative energy dissipation pathways
in control (A) and cold acclimated (B), (C) plants. A - In control leaves, radiative energy dissipation pathway characterized by higher
TL yield is predominant and probably involves the back-reaction via the P680+Pheo− radical pair. B – In cold acclimated plants
the increased free energy gap between P680+ and Q−

A would decrease the probability for a charge recombination pathway involving
P680+Pheo− and will cause stabilization of S2Q−

A pair. In addition, shifting the redox potential of QB toward QA favors the k2 rate
constant and also results in an increased steady state proportion of reduced QA. It is proposed that this will increase the probability
for direct recombination of Q−

A with P680+ via non-radiative interaction resulting in low TL yield without generating chlorophyll
triplet. C – In some cases when there is no apparent shift of S2Q−

A recombination to higher temperatures, but the shift of QB towards
QA implies increased proportion of reduced QA and the low TL yield suggests increased non-radiative dissipation, the cyclic electron
pathway: Cytb559 → dChlz → β-Car → P+

680 might be involved. In this case, the redox properties of the donor side might also be
modified during cold acclimation. In both types of plants the radiative charge recombination occurs, but is proportionally less in cold
acclimated plants (Ivanov et al., 2003).

between Q−
AQB and QAQ−

B towards Q−
AQB (Minagawa

et al., 1999). The retention of electrons preferentially
on QA through a modification of the redox potentials
of QA and QB in opposite directions would inhibit the
reoxidation of Q−

A (Mäenpää et al., 1995). The slower
re-oxidation kinetics of Q−

A in both overwintering Scots
pine (Ivanov et al., 2001) and cold acclimated Ara-
bidopsis leaves (Sane et al., 2003) are consistent with
this interpretation. This would ensure that the QB site
remains occupied by a quinone, which would protect
PS II from photoinhibition and D1 degradation (Ohad
and Hirschberg, 1992). Supporting evidence for this
argument comes from experiments in which addition
of DCMU had a protective effect on D1 turnover under
photoinhibitory conditions (Komenda and Masojidek,
1998). When the QB site is occupied in the presence
of DCMU and QA is in a reduced state, PS II shows
increased resistance to photoinhibition.

A possible back reaction of the reduced QA with
P680+ has been suggested from earlier data (Prasil
et al., 1996; Krieger-Liszkay and Rutherford, 1998),
and this may be enhanced when QA remains reduced
(Vavilin and Vermass, 2000). The accumulation of Q−

A

has been shown to inhibit the formation of the radical
pair P680+Pheo−, thus preventing P680 triplet forma-
tion (Schatz et al., 1988; Vass et al., 1992). In addition, it
has been suggested that there is a non-radiative pathway
of charge recombination between Q−

A and the donor side
of PS II (Briantais et al., 1979; Weis and Berry, 1987;
Vavilin and Vermaas, 2000). Such a pathway would in-
crease the probability for non-radiative dissipation of
excitation energy within the reaction center of PS II
(Weis and Berry, 1987; Bukhov et al., 2001). The sig-
nificantly lower total TL emission observed in winter
pine (Ivanov et al., 2001, 2002), cold stressed Syne-
chococcus (Sane et al., 2002), and in cold acclimated
Arabidopsis (Sane et al., 2003) is consistent with such a
non-radiative pathway within the PS II reaction center.

The reduction of QA has been suggested to be a ma-
jor requirement for efficient reaction center quenching
(Krause, 1988; Krause and Weis, 1991; Walters and
Horton, 1993; Huner et al., 1993; Bukhov et al., 2001).
In this regard, it is important to note that acclimation
to low temperatures is strongly correlated with an in-
creased proportion of reduced QA at the given growth
temperature (Huner et al., 1993, 1998). Hence, it seems
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very likely that the increased population of Q−
A due to

the altered redox potential of QA and QB during the
shift and acclimation to low temperature in Arabidop-
sis may enhance the dissipation of excess light within
the reaction center of PS II via non-radiative P680+Q−

A

recombination, protecting the QA site from excessive
excitation pressure (Huner et al., 1998; Öquist and
Huner, 2003). Similar trends were reported for both
winter Scots pine (Ivanov et al., 2001) and low temper-
ature stressed Synechococcus (Sane et al., 2002), which
are consistent with the results of Bukhov et al. (2001)
and Grasses et al. (2002). The importance of excitation
pressure and the relative redox state of QA in regu-
lating reaction center quenching is further supported
by the data for Chlamydomonas reinhardtii (Table 1).
The low temperature-induced downshift in the TM for
S2QB− recombination was mimicked by exposing cells
to moderate temperatures but high light. Exposure to
low temperature but moderate irradiance induces PS II
closure because of a slower rate of Q−

A oxidation rel-
ative to the rate of its reduction, whereas exposure to
high light at moderate temperatures induces PS II clo-
sure due to a higher rate of QA reduction relative to the
rate of its oxidation (Huner et al., 1998). This is con-
sistent with the notion that the equilibrium Q−

A : QA /
Q−

B : QB controls charge recombination within PS II
(Keren and Ohad, 1998).

Cyclic electron transport around PS II (Fig. 6C) has
been suggested as an alternative photoprotective mech-
anism operating within the PS II reaction centre (Telfer
et al., 1991; Barber and De Las Rivas, 1993), and the
role of the high potential form of Cyt b559 in this pro-
cess has been discussed (Stewart and Brudwig, 1998).
Allakhverdiev et al. (1997) provided direct evidence for
the involvement of cyclic electron transport around PS
II in protection against photoinhibitory damage. It was
suggested that Cytb559 may protect PS II by acting as
a secondary donor to P680+ via the electron donation
pathway: Cytb559 → dChlz → β-Car → P680+, where
Chlz is a chlorophyll molecule coordinated to His118 of
the B trans-membrane helix of the D1 protein (Barber
and De Las Rivas, 1993; Nield et al., 2000b). The ac-
cumulation of Chl+z as a result of over-oxidation of
P680 has been suggested as a site for photoprotection
(Stewart and Brudvig, 1998). A simplified model il-
lustrating the cyclic electron transport around PS II is
presented in Figure 6. It seems reasonable to suggest
that such a mechanism for photoprotection is a possible
alternative to non-radiative reaction center quenching.
Such a mechanism may take place in cases when there
is no apparent upward shift of S2Q−

A recombination to
higher temperatures.

VII. Molecular Mechanisms Regulating
Reaction Center Quenching

As discussed above, the prokaryotic and eukaryotic
species examined exhibit significant downshifts in the
TM for the S2Q−

B and S3Q−
B recombinations whereas, in

addition, Arabidopsis thaliana exhibits an upshift in the
TM for the S2Q−

A and the S3Q−
A recombinations (Fig. 4).

Since these shifts in TM can occur in response to the re-
duction state of QA induced either by high light or low
temperature, we suggest that excitation pressure reg-
ulates reaction center quenching by altering the redox
potentials of QA and QB in PS II reaction centers. What
is/are the molecular mechanism(s) underlying these al-
terations in redox potentials of QA and QB in response
to excitation pressure?

A. D1 Exchange

In the case of Synechococcus PCC 7942, excitation
pressure and reaction center quenching are associated
with D1 protein exchange; the D1:1 is exchanged for
D1:2. We propose that, in Synechococcus sp. PCC
7942, it is primarily reaction center polypeptide ex-
change that results in a change in the microenviron-
ment of the QB-binding site inducing a change in its
redox properties. In support of this proposal, it has been
shown that a single change in the crucial amino acid
residue of D1 (Ohad and Hirschberg, 1992; Minagawa
et al., 1999) or a deletion of the PEST-like sequence of
D1 (Nixon et al., 1995) results in a shift of the S2Q−

B

TL peak towards lower temperatures.
However, growth temperature and growth irradiance

also have a significant impact on the lipid and fatty
acid composition of thylakoid membranes of cyanobac-
teria (Nishida and Murata, 1996; Los and Murata,
2002). The increased fatty acid unsaturation observed
in cyanobacteria at low temperature appears to be a
prerequisite for efficient D1 repair upon exposure to
low temperature photoinhibition (Nishida and Murata,
1996). Recently, Sakurai et al. (2003) used the pgsA
mutant of the cyanobacterium Synechocystis sp. PCC
6803 to show that the absence of the phospholipid,
phosphatidylglycerol (PG), increased the susceptibil-
ity of the mutant cells to photoinhibition. Although
pgsA cells exhibited comparable rates of D1 synthe-
sis and degradation to those observed in the wild type
cells, the mutant cells were impaired with respect to the
dimerization of PS II core monomers and the reactiva-
tion of photoinhibited PS II core complexes (Sakurai
et al., 2003). Thus, it is conceivable that changes in the
thylakoid lipid and fatty acid composition could also
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alter the microenvironment of PS II reaction centers
by altering lipid-protein interactions causing a shift in
the TM for the QB recombinations in Synechococcus
sp. PCC 7942. However, since the R2S2C3 mutant of
Synechococcus sp. PCC 7942 exhibiting D1:1 only and
the R2K1 mutant exhibiting only D1:2 showed compa-
rable changes in the TM for S2Q−

B and S3Q−
B recombina-

tions independent of any temperature change and pre-
sumably any changes in thylakoid lipid and fatty acid
composition, we conclude that the observed changes
in the redox properties of QB are most likely a conse-
quence of D1 protein exchange rather than changes in
lipid-protein interactions with PS II reaction centers of
Synechococcus sp PCC 7942.

B. Posttranslational Modification of D1

In higher plants, the D1 polypeptide of PS II is sub-
ject to at least five post-translational modifications:
C-terminal processing in the conversion of 34 kDa
precursor polypeptide to the 32 kDa mature polypep-
tide; removal of the initiating methionine residue;
N-acetylation of N-terminal threonine residue; cova-
lent palmitoylation mapped to the N-terminal two thirds
of the D1 polypeptide, and finally, reversible phospho-
rylation of the N-terminal threonine catalyzed by a
light-dependent, redox-regulated kinase (Mattoo et al.,
1993; Rintamäki and Aro, 2001). Although the func-
tional role of D1 palmitoylation remains unknown,
palmitoylation has been shown to regulate signal trans-
duction through G-protein linked receptors by reg-
ulating protein-protein interactions (Milligan et al.,
1995). There is no evidence for the role of D1 palmi-
toylation in altering the TM for S2/S3 – Q−

A/Q−
B re-

combinations. However, alterations in protein-protein
interactions within PS II may be important since
Arabidopsis thaliana npq4-1 mutant lacking only the
PsbS protein within PS II complexes exhibit significant
downshifts in the TM for S2/S3 – Q−

A/Q−
B recombina-

tions under normal growth conditions relative to wild-
type. We hypothesize that this may be due to changes in
protein-protein interactions within PS II reaction cen-
ters induced by the absence of PsbS. Further experi-
mentation is ongoing to test this hypothesis.

In higher plants, both the D1 and D2 reaction center
polypeptides undergo reversible phosphorylation dur-
ing the PS II damage-repair cycle. The extent of D1
phosphorylation appears to be regulated by excitation
pressure (Rintamäki and Aro, 2001) as well as by an en-
dogenous circadian rhythm (Booij-James et al., 2002).
Site-directed mutagenesis of PsbA in Synechocystis

PCC 6803 indicates that alterations in a single amino
acid can result in significant changes in the TM for
S2/S3 – Q−

A/Q−
B recombinations (Minagawa et al., 1999;

Vavilin and Vermaas, 2000). Thus, it is conceivable that
post-translational modification of D1 and / or D2 PS
II reaction center polypeptides by either palmitoylation
or phosphorylation may alter the conformation of these
polypeptides. This, in turn, may result in shifts in the
TM for S2/S3 – Q−

A/Q−
B recombinations and hence the

changes in the redox potentials of QA and QB. Consis-
tent with the thesis that protein phosphorylation may
convert PS II active centers into PS II quenching centers
is the suggestion that the CHB observed in overwinter-
ing snow gum and mistletoe represents a Chl-protein
complex containing PS II quenching centers formed as
a result of PS II core protein phosphorylation (Gilmore
et al. (2003).

Unlike in seed plants, no phosphorylation of the
D1 polypeptide has been detected in Chlamydomonas
reinhardtii (Keren and Ohad, 1998; Rintamäki and
Aro, 2001). Clearly, this potential post-translational
modification mechanism of the D1 polypeptide can
not account for shifts in the TM for S2/S3 – Q−

A/Q−
B

recombinations induced by excitation pressure in this
green alga. However, D2 is phosphorylated in Chlamy-
domonas reinhardtii (Keren and Ohad, 1998) and may
account for the shifts in the TM for S2/S3 – Q−

A/Q−
B

recombinations and hence the changes in the redox
protentials of QA and QB. In addition, the decrease in
HCO−

3 concentrations in the chloroplast under saturat-
ing irradiance has also been shown to affect the redox
potentials of QA and QB (Govindjee, 1993; Demeter
et al., 1995). Thus, regulation of chloroplastic HCO−

3

concentrations may also contribute to modulating the
redox potentials of QA and QB in this model green
alga.

C. Thylakoid Lipids and Fatty Acids

Unlike Synechococcus sp PCC 7942, pine, Arabidop-
sis thaliana, and Chlamydomonas reinhardtii have
only one PsbA gene coding for the D1 protein. Thus,
a protein exchange mechanism similar to that ob-
served for Synechococcus sp PCC 7942 cannot ac-
count for the modulation of the TM for S2/S3 –
Q−

A/Q−
B recombinations and hence the changes in the

redox potentials of QA and QB. However, the lipid
and fatty acid compositions of thylakoid membranes
of higher plants are sensitive to growth tempera-
ture and growth irradiance (Harwood, 1998; Vijayan
et al., 1998; Selstam, 1998). PG and its fatty acid
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composition are important in regulating the oligomer-
ization of LHCII in many higher plants as well as
Chlamydomonas reinhardtii (Trémolières and Siegen-
thaler, 1998). Furthermore, Dobrikova et al. (1997)
showed that the asymmetric surface charge distribution
and electric polarizability of thylakoid membranes are
significantly altered in the fadB and the fadC Arabidop-
sis mutants deficient in lipid fatty acid desaturases com-
pared to wild type. Thus, it is possible that light- and
temperature-induced changes in the thylakoid lipid /
fatty acid composition may result in alterations in lipid-
protein interactions within PS II reaction centers in
pine, Arabidopsis thaliana, and Chlamydomonas rein-
hardtii. This, in turn, may result in the observed shifts
in the TM for S2/S3 – Q−

A/Q−
B recombinations and hence

changes in the redox potentials of QA and QB.
Although excitation pressure may be critical in

regulating the shifts in the TM for S2/S3 – Q−
A/Q−

B

recombinations and hence the redox potentials of QA

and QB, the molecular alterations required to induce
these shifts in TM may be species dependent and vary
with the environmental changes to which an organism
is exposed. Whereas D1:1/D1:2 polypeptide exchange
appears to be the primary molecular mechanism regu-
lating the shifts in TM for S2/S3 – Q−

A/Q−
B recombina-

tions in Synechococcus PCC 7942, other species such
as Pinus sylvestris, Arabidopsis thaliana, and Chlamy-
domonas reinhardtii may use any one or a combina-
tion of the molecular mechanisms outlined above. We
conclude that, as originally suggested by Krause and
Weis (1991), both reaction center and antenna quench-
ing function in vivo to different extents to protect PS II
from photodamage depending on the species as well
as the environmental conditions. However, further re-
search is required not only to assess the contribution
of any one of these mechanisms to the shifts in the
TM for S2/S3 – Q−

A/Q−
B recombinations and hence re-

action center quenching, but also to assess the timing
for the onset of reaction center quenching versus an-
tenna quenching associated with NPQ during exposure
to increased excitation pressure.
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Hurry VM, Strand Å, Tobiæson M, Gardeström P and Öquist G
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Summary

This Chapter provides highlights on the mechanism of a photosystem II (PS II) damage and repair cycle in chloro-
plasts. Photo-oxidative damage to the PS II reaction center is a phenomenon that occurs in every organism of oxygenic
photosynthesis. Through the process of evolution, an elaborate repair mechanism was devised, one that rectifies
this presumably unavoidable and irreversible photoinhibition and restores the PS II charge separation activity. The
repair process entails several enzymatic reactions for the selective removal and replacement of the inactivated
D1/32 kD reaction center protein (the chloroplast-encoded psbA gene product) from the massive (>1,000 kD)
H2O-oxidizing and O2-evolving PS II holocomplex. This repair process is unique in the annals of biology; nothing
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analogous in complexity and specificity has been reported in other biological systems. Elucidation of the repair
mechanism may reveal the occurrence of hitherto unknown regulatory and catalytic reactions for the selective
in situ replacement of specific proteins from within multi-protein complexes. This may not only have significant
applications in photosynthesis and agriculture but also in medicine and other fields.

I. Introduction

Life on earth is sustained by oxygenic photosynthesis,
a process that begins with the utilization of sunlight
for the oxidation of water molecules. The chemical en-
ergy stored in this endergonic oxidation is processed
through the electron-transport chain of the chloroplast
thylakoids and is eventually delivered in the form of
reductant (reduced ferredoxin) and high-energy phos-
phate bond (ATP). The absorption of light and the con-
version of excitation energy to chemical energy take
place in photosystem II (PS II) and photosystem I (PS I)
in the thylakoid membrane (Hill and Bendall, 1960;
Duysens et al., 1961). Light energy in PS II specifically
facilitates the generation of a strong oxidant capable of
oxidizing water molecules. The ability of PS II to uti-
lize water molecules from which to extract electrons
and protons was undoubtedly a significant event in the
evolution of life on earth. It contributed to the grad-
ual accumulation of oxygen in the atmosphere, thereby
permitting the evolution of oxidative phosphorylation.
Rightfully so, many scientists refer to PS II as ‘the
engine of life on earth’.

From the biochemical point of view, PS II is a spe-
cialized H2O-to-plastoquinone oxidoreductase. This
enzyme features a rather sizable holocomplex consist-
ing of more than 25 transmembrane and peripheral
proteins. Most of the transmembrane proteins function
as chlorophyll-protein light-harvesting complexes. The
functional center of the holocomplex is the so-called
D1/D2 heterodimer reaction center proteins that per-
form the light utilization, water oxidation, and primary
electron transport reactions in PS II. These highly spe-
cialized functions of PS II take place in a protected
and isolated microenvironment where oxygen abounds
and where photons, in the form of excitation energy,
are received by the photochemical reaction center at a
rate of up to 5,000 per second. The transient formation
of strong oxidants, the abundance of oxygen, and the
presence of excitation energy are conditions that may

Abbreviations: Chl – chlorophyll; HL – High light; LHC – light-
harvesting complex; LL – Low light; PS II – photosystem II; PS
II-RC – PS II reaction center; D1 – the 32 kD PS II-RC protein;
D2 – the 34 kD PSII-RC protein.

lead to photo-oxidative damage (Barber, 1994). Indeed,
such photodamage occurs frequently within the reac-
tion center of PS II. It causes an irreversible inactivation
in the PS II electron transport and stops photosynthesis
(Powles, 1984).

Through the process of 2–3 billion years of evolu-
tion, organisms of oxygenic photosynthesis have not
been able to either prevent or avoid this photo-oxidative
adverse effect from occurring (Payton et al., 1998).
Thus, to date, every oxygen-evolving photosynthetic
organism known, from cyanobacteria to C4 plants, is
subject to this irreversible photodamage. Nature, how-
ever, devised a repair mechanism that restores the func-
tional status of PS II. The PS II damage and repair cycle,
as the phenomenon has come to be known (Guenther
and Melis, 1990), is of great importance for the main-
tenance and productivity of photosynthesis. In repair-
aberrant mutants, oxygenic photosynthesis cannot be
sustained (Zhang et al., 1997). Clearly, life on earth
would have been quite different in the absence of the
PS II repair process.

The objective of this article is to present highlights on
the biochemical and molecular basis of the PS II dam-
age and repair cycle. It examines specific reaction steps
of the PS II repair process in chloroplasts and known
mechanisms for the regulation of this phenomenon at
the molecular and membrane levels. A more in-depth
analysis of the PS II structure, function, photodamage,
and repair is given below.

II. Photosystem II (PS II) Organization

All PS II electron transport intermediates are contained
within the so-called D1/D2 32/34 kD heterodimer pro-
tein, coded for by chloroplast genes psbA and psbD,
respectively (Barber et al., 1987; Nanba and Satoh,
1987; Seibert et al., 1988; Deisenhofer and Michel,
1989). Structural information on the architecture of the
D1/D2 heterodimer complex at 3.8 Å resolution (Zouni
et al., 2001) has shown how each protein binds one
of the photochemical reaction center chlorophylls that
form P680, one pheophytin, and one quinone binding
site. D1 contains the plastoquinone (QB) binding site,
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which is also the site for herbicide-binding, whereas
D2 contains a tightly bound plastoquinone molecule
(QA) that can be reduced to the plastosemiquinone an-
ion form. Each protein also contains an electron trans-
port intermediate tyrosine residue (denoted as YZ and
YD, respectively). Moreover, the X-ray crystal structure
(Zouni et al., 2001; Ferreira et al., 2004) has shown the
placement of the 4 Mn H2O-oxidizing cluster (Cinco
et al., 1999) close to YZ on the D1 side of the D1/D2
reaction center heterodimer. The PS II reaction center
heterodimer complex (PS II-RC) may be noted for a
structural symmetry (D1 and D2 are homologous pro-
teins) and a functional asymmetry since electron trans-
port is thought to proceed from Mn, YZ, Chl, pheo-
phytin (in D1) to QA (in D2) to QB (in D1) (Fig. 1).

Earlier research revealed a highly unusual property
for the D1/32 kD protein. The D1 accounts for less than
1% of the total thylakoid membrane protein, yet the rate
of its synthesis was found to be comparable to or ex-
ceeding that of the abundant large subunit of Rubisco
in the chloroplast (Bottomley et al., 1974; Eaglesham
and Ellis, 1974; Edelman and Reisfeld, 1978). Since
steady-state levels of D1 in thylakoids were low, it was
inferred that rates of turnover must be high (Mattoo
et al., 1984; Greenberg et al., 1987). The frequent

light-dependent turnover of the D1/32 kD polypeptide
was shown to be related to the phenomenon of “pho-
toinhibition” in chloroplasts (Kyle et al., 1984; Ohad
et al., 1984). Many of the mechanistic details for the
selective degradation and specific replacement of the
D1/32 kD PS II-RC protein are not yet known.

The photochemical apparatus of PS II contains, in
addition to the reaction center proteins (PS II-RC), two
“core antenna” chlorophyll-proteins CP47 and CP43
(the chloroplast psbB and psbC gene products, respec-
tively) (Green and Camm, 1981; Bricker, 1990; Bar-
ber et al., 2000). In the structural organization of PS
II (Rhee et al., 1998), CP43 is closer to D1 whereas
CP47 is closer to D2 (Zouni et al., 2001; Ferreira et al.,
2004). Collectively, PS II-RC, CP47, and CP43 de-
fine the PS II-core and they contain about 37 Chl a
molecules (Glick and Melis, 1988). Light-harvesting
by PS II is further aided by the auxiliary chlorophyll
a − b light-harvesting complex (LHC II) (Thornber,
1986; Green, 1988; Bassi et al., 1990; Nield et al.,
2000).

Present in PS II are a number of proteins that do not
bind chlorophyll. Closely associated with the PS II-
RC are two polypeptides (9 kD and 4 kD coded for
by chloroplast genes psbE and psbF) that bind, via two

Fig. 1. A PS II organizational model illustrating the arrangement of the various proteins in the PS II complex and showing the pathway
of electron transport within the D1/D2 32/34 kD reaction center proteins. Individual subunits are labeled by a single letter of the
alphabet according to the gene product PsbA-PsbZ and Lhcb1-Lhcb6. The missing subunits (PsbG, U, V, Y, and Z) are proteins that
either do not exist in higher plant PS II or their localization is presently unknown. The direction of electron transport within the
reaction center is indicated by arrows.
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histidine ligands, a b-type heme (thus forming a cy-
tochrome b-559 molecule) (Cramer and Whitmarsh,
1977; Lam et al., 1983; Murata et al., 1984; Cramer
et al., 1986; Miyazaki et al., 1989; Nedbal et al., 1992;
Zouni et al., 2001; Ferreira et al., 2004). There are three
extrinsic membrane proteins in the thylakoid lumen
(33, 23, and 17 kD polypeptides are nuclear psbO, psbP,
and psbQ gene products (Hallick, 1989)) believed to
play a role in Mn stability and in the regulation of Ca++

and Cl− concentrations near the water oxidizing com-
plex (Ghanotakis and Yocum, 1990). A 10 kD phos-
phoprotein of unknown function (the chloroplast psbH
gene product) is also a component of PS II (Farchaus
and Dilley, 1986; Millner et al., 1986). The phospho-
rylation/dephosphorylation of this integral thylakoid
membrane protein is believed to be subject to the re-
dox control of the plastoquinone pool. There are ad-
ditional polypeptides of unknown function (the psbI-
psbY gene products) that are associated with PS II
(Barber, 1989; Hallick, 1989; Green and Kühlbrandt,
1995; Lorkovic et al., 1995; Meetam et al., 1999; Shi
et al., 1999; Ohnishi and Takahashi, 2001).

In summary, the PS II holocomplex is a massive
(>1,000 kD) specialized H2O-to-plastoquinone ox-
idoreductase, composed of more than 25 thylakoid
membrane integral and peripheral proteins. It performs
a unique function in nature, as it utilizes the energy of
the sun to generate an intermediate reductant (reduced
pheophytin), capable of reducing plastoquinone, and a
strong oxidant (P680+) capable of extracting electrons
and releasing protons and oxygen from energy-poor
but abundant H2O molecules. This function of PS II
sustains virtually all life on earth.

III. PS II Heterogeneity

In all higher plants and green algae examined to
date, PS II shows heterogeneity in localization, struc-
ture, and function (Melis and Homann, 1976; Melis
and Duysens, 1979; Black et al., 1986; Lavergne and
Briantais, 1996). Approximately 70–80% of PS II units
are localized in the tightly appressed membranes of the
grana partition regions, they contain the full comple-
ment of the LHC II proteins with a total of 250 ± 40
Chl a + b molecules in higher plants [up to 350 Chl
a + b molecules in green algae (Melis, 1996)], and are
known as PS IIα (Melis and Homann, 1976; Melis and
Anderson, 1983). The remaining PS II units (PS IIβ,
about 20–30% of the total) are localized in stroma-
exposed thylakoids (Anderson and Melis, 1983; Vallon
et al., 1986, 1987), and contain a much smaller light-
harvesting antenna with an estimated 130 ± 20 Chl

a + b molecules. In physical terms, this segregation
is consistent with specific proteins localized in each
thylakoid membrane domain (Wettern, 1986; Callahan
et al., 1989).

In addition to the domain localization and antenna
heterogeneity, PS IIα and PS IIβ centers have differ-
ent properties with respect to electron transport from
the reaction center to plastoquinone [QA → QB step
(Crofts and Wraight, 1983; Van Gorkom, 1985)]. Early
evidence in the literature suggested that PS IIβ cen-
ters, although photochemically competent, lacked the
so-called two-electron gating mechanism operating be-
tween the primary quinone acceptor QA and the bound
plastoquinone molecule QB (Thielen and Van Gorkom,
1981; Lavergne, 1982). Further evidence in the litera-
ture suggested that, in mature wild-type higher plants
and green algae, PS IIβ in stroma-exposed thylakoids
behave like DCMU-poisoned centers and cannot trans-
fer electrons from QA to QB at physiologically signif-
icant rates (Melis, 1985; Graan and Ort, 1986; Chylla
and Whitmarsh, 1989). In functional terms, PS IIβ cen-
ters are QB-nonreducing in contrast to PS IIα centers
that are QB-reducing (Lavergne, 1982; Lavergne and
Briantais, 1996).

The different LHC II antenna composition, localiza-
tion in separate thylakoid regions, and the dissimilar
properties of electron transport on the reducing side
of PS IIα and PS IIβ are probably interrelated aspects
of the PS II heterogeneity phenomenon in chloroplasts.
Evidence suggested that these properties arise as a con-
sequence of the operation of a PS II damage and repair
cycle in chloroplasts (Guenther and Melis, 1990; Adir
et al., 1990; Lavergne and Briantais, 1996). It is postu-
lated that the PS II heterogeneity and separate thylakoid
membrane localization of the two different types of
PS II is a consequence of the spatial separation needed
between the domain of functional centers (PS IIα) in the
tightly appressed grana, and the stroma-exposed thy-
lakoid membrane domain where the repair takes place.
This arrangement provides for optimal functioning of
the various processes associated with the repair, for
instance, degradation of photodamaged D1, thylakoid
membrane-association of ribosomes, biosynthesis and
insertion of the nascent D1 in reaction center under
repair, integration, and processing of the precursor of
protein and re-assembly of PS II holocomplex prior
to its translocation to the appressed grana thylakoid
domain where functional PS II is localized (Mattoo
and Edelman, 1987; Melis, 1991; Aro et al., 1993;
see also below). In this respect, PS IIβ centers con-
stitute a small reservoir of newly repaired centers that
remain in stroma-exposed thylakoids (Anderson and
Melis, 1983; Neale and Melis, 1990, 1991).
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Fig. 2. The PS II complex with a photodamaged and, hence, inactive D1 reaction center protein. This irreversible configuration of
PS II is unable to perform a stable charge separation and electron transport. For other details, see Fig. 1.

IV. PS II Damage and Repair Cycle
in Chloroplasts

Photo-oxidative damage occurs frequently within the
reaction center of PS II in a light-intensity-dependent
manner (Barber, 1994; Melis, 1999). It causes an irre-
versible inactivation in the photochemical charge sep-
aration and electron transport within PS II (Cleland
et al., 1986; Demeter et al., 1987) and irreversibly stops
the function of the D1 reaction center protein (Fig. 2).
This photodamage is followed by a partial disassembly
of the PS II holocomplex, exposure of the photodam-
aged PS II-core to the chloroplast stroma, degradation
of photodamaged D1, de novo D1 biosynthesis and in-
sertion in the thylakoid membrane, re-assembly of the
PS II reaction center complex, followed by activation of
the electron-transport process through the reconstituted
D1/D2 heterodimer. A temporal and spatial sequence
of events concerning the PS II damage and repair cycle
has been presented in the literature (Melis, 1991; Aro
et al., 1993; Melis, 1998). A number of known bio-
chemical reactions are associated with the mechanism
of the PS II damage and repair cycle (Figs. 3 and 4):

a. A reversible phosphorylation of the D1 protein
reportedly regulates the rate of inactive D1 degra-
dation in higher plant chloroplasts (Callahan
et al., 1990; Aro et al., 1992; Elich et al., 1992;
Ebbert and Godde, 1996). However, phosphory-

lation of D1 is not observed in green algae and
lack of D1 phosphorylation does not exert any ad-
verse effect on the D1 turnover in these organisms
(A.K. Mattoo, personal communication).

b. Following photodamage, there is a prompt disas-
sembly of the PS II holocomplex and exclusion of
a smaller PS II-core complex from the membrane
of the grana partition regions (Adir et al., 1990;
Guenther and Melis, 1990). This step serves to
unfold the PS II holocomplex and to expose the
D1/D2 heterodimer to the aqueous stroma-phase
where removal of the photodamaged D1 and re-
placement by a de novo synthesized D1 can occur.

c. Under photoinhibition conditions, i.e., when the
rate of photodamage exceeds that of the enzy-
matic repair (Greer et al., 1986), photodamaged
PS II reaction centers accumulate in the chloro-
plast thylakoids. In the green alga Dunaliella
salina, photodamaged reaction centers have been
identified and isolated as distinct 160 kD com-
plexes (Kim et al., 1993; Melis and Nemson,
1995; Baroli and Melis, 1996). The 160 kD com-
plex appears to be a cross-linked derivative of
D1, D2, and of repair-related proteins of unknown
origin.

d. A chloroplast DegP2 protease performs the pri-
mary cleavage of the photodamaged D1 protein
(Haußühl et al., 2001). The thylakoid FtsH pro-
tease plays a role in the further degradation of
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Fig. 3. Temporal sequence of events in the PS II damage, dis-
assembly, D1 degradation, and replacement. The rate of pho-
todamage to PS II (step 1) is directly proportional to the inci-
dent light intensity (Baroli and Melis 1996; Tyystjärvi and Aro,
1996). The rate of PS II disassembly (step 2) is not limiting un-
der a broad range of incident intensities. Direct D1 degradation
(step 3) and de novo D1 biosynthesis (step 4) become rate lim-
iting under high-light intensity conditions. Under these condi-
tions, PS II-RC intermediates in the form of 160 kD complexes
accumulate in thylakoids (step 3). The rate of D1 degradation
(slow) is the rate limiting step of the PS II repair process under
high light intensities. It is estimated to occur with a half-time
of 60 ± 15 min.

the cleaved D1 (Lindahl et al., 2000), thus con-
tributing to the removal of the inactive D1 protein
(Adam and Clark, 2002; Silva et al., 2002).

e. De novo biosynthesis (Kim et al., 1994) and
a reversible D1 palmitoylation ostensibly facili-
tates insertion of the nascent D1 polypeptide in
the PS II reaction center complex (Mattoo and
Edelman, 1987).

f. Activation of electron transport through the QA–
QB electron-gate converts a QB-nonreducing cen-
ter to a QB-reducing form (Guenther et al., 1990;
Neale and Melis, 1990, 1991).

g. Re-assembly of the PS II holocomplex and incor-
poration in the grana is the last step of the cycle.

This temporal (Fig. 3) and spatial (Fig. 4) sequence
of events is consistent with the known properties of D1
turnover (Mattoo et al., 1984; Mattoo and Edelman,

1987) and also consistent with the heterogeneity in PS
II configuration and function (Melis, 1991; Aro et al.,
1993; Lavergne and Briantais, 1996). This knowledge,
however, does not include information about many of
the genes and proteins that are involved in the PS II
repair process. Identification of the PS II repair genes
and enzymes, and elucidation of the mechanistic and
regulatory aspects of the PS II repair process is the goal
of current research in the field.

A. Excitation Energy Pressure at PS II
Defines the Rate Constant of Photodamage

The rate constant for photodamage in vivo was shown
to be a linear function of incident irradiance, both in
higher plants (Sundby et al., 1993; Tyystjärvi and Aro,
1996) and in green algae (Baroli and Melis, 1996).
In green algae, linearity in the rate constant of pho-
todamage was also observed as a function of ‘growth
irradiance’ (meaning the higher the growth irradiance,
the greater the rate constant of photodamage). At first,
these observations were thought to indicate that PS II
is a “photon counter” and that PS II photodamage will
unavoidably occur after a fixed number of photons have
been absorbed by the reaction center. However, this no-
tion is no longer being entertained as the rate constant
of photodamage was also shown to be modulated by
physiological and metabolic parameters in the chloro-
plast.

A rigorous study on the modulation of PS II photo-
damage was completed and a unifying model for the in
vivo modulation of photodamage was presented (Melis,
1999). The model postulates that the rate constant of
photodamage depends primarily on the redox state of
the primary quinone acceptor QA of PS II and on the
rate of exciton arrival at the PS II reaction center (P680).
It appears that the probability of photodamage is quite
different in the two different redox states of PS II (the
primary quinone acceptor QA being in the oxidized or
reduced form during steady-state illumination). There
is a low inherent probability for photodamage when QA

is oxidized and excitation energy is dissipated by useful
photochemistry, and a significantly higher probability
for photodamage when QA is reduced and absorbed ex-
citation is dissipated non-photochemically (Baroli and
Melis, 1998; Melis, 1999). The two parameters, redox
state of QA and rate of exciton arrival at the PS II reac-
tion center, define the concept of PS II excitation pres-
sure (Maxwell et al., 1995; Huner et al., 1996), which
is the common denominator of many in vivo conditions
that modulate the rate constant of PS II photodamage.
This evidence was derived upon careful in vivo analysis
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Fig. 4. Spatial sequence of events in the PS II photodamage, disassembly, D1 degradation, and replacement by a de novo synthesized
protein. Disassembly of the PS II holocoplex is postulated to occur in the grana (following protein phosphorylation). The major
portion of the LHCII remains in the grana, whereas the PS II core with the photochemically inert D1 is moved toward stroma-exposed
thylakoid membranes where the repair is to take place. A selective degradation of the inert D1 by the chloroplast DegP2 and FtsH
proteases then takes place. A de novo synthesized functional copy of the D1 protein replaces the inert D1 upon insertion into the
PS II template, followed by a functional reactivation of the complex and insertion into the domain of the grana.

of the dependence of photodamage on light intensity,
PS II chlorophyll antenna size, carbon dioxide avail-
ability, rate of photosynthetic electron transport, and
effect of suboptimal temperature. Results from several
related publications were summarized in a review arti-
cle (Melis, 1999).

B. PS II Chlorophyll Antenna Size
Modulates Rate of Photodamage

Early work with isolated thylakoid membranes indi-
cated that the rate of photodamage was dependent on

PS II absorption cross-section (Cleland et al., 1986;
Cleland and Melis, 1987; Mäenpää et al., 1987). It has
also been reported that photoinhibition could be to-
tally independent of the PS II light-harvesting Chl an-
tenna size (Tyystjärvi et al., 1991, 1994). More recent
work has supported the notion that the rate of photo-
damage in vivo is modulated by the PS II Chl antenna
size (Park et al., 1997; Baroli and Melis, 1998; Baroli
et al., 2003). Accordingly, a PS II light-harvesting an-
tenna size with fewer Chl molecules results in a lower
rate constant of photodamage. Conversely, a large PS
II Chl antenna size accentuates the rate constant of
photodamage.
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C. Electron Transport and Photosynthesis
Mitigate Against Photodamage

Earlier studies suggested that a limitation in the rate
of electron flow, e.g. caused by low CO2 partial pres-
sures, might accentuate photoinhibition in cyanobac-
teria (Kaplan, 1981) and higher plants (Demmig and
Björkman, 1987; Gong et al., 1993). Furthermore, Park
et al. (1996) reported that electron transport via the
Mehler reaction to oxygen can protect against photoin-
hibition in pea leaves. However, antisense transgenic
plants with a substantially lower cytochrome b − f
complex content, in which illumination produced slow
rates of linear electron transport and in which QA ac-
cumulated in the reduced state, did not show the ex-
pected increase in their susceptibility to photoinhibi-
tion (Hurry et al., 1996). One possible reason for the
confusion generated from the apparently contradictory
results is that often photoinhibition is measured rather
than the rate of photodamage. As discussed below, pho-
toinhibition is a function of both photodamage and re-
pair (Greer et al., 1986) and, therefore, measurements
of photoinhibition are always more difficult to inter-
pret. A more recent rigorous study was undertaken with
Dunaliella salina, which was grown under high irradi-
ance either with a limiting supply of inorganic carbon,
provided by an initial concentration of 25 mM NaHCO3

to the medium (Pmax = ∼100 pmol O2 (106 cells)−1

s−1) or with supplemental CO2 bubbled in the form of
3% CO2 in air (Pmax = ∼250 pmol O2 (106 cells)−1

s−1). There was a difference by a factor of ∼2 in the
rate constant of photodamage under these conditions,
supporting the notion that electron transport and pho-
tosynthesis mitigate against this adverse effect (Baroli
and Melis, 1998).

D. Protein Phosphorylation and
Disassembly of the PS II Holocomplex

Photosystem II reaction centers occur as dimer com-
plexes, which collectively contain 50, or more, trans-
membrane and peripheral proteins (Hankamer et al.,
1997; Zouni et al., 2001; Ferreira et al., 2004). The re-
pair process, which entails the selective removal and
replacement of the affected D1 protein, requires a par-
tial disassembly of the PS II holocomplex prior to D1
degradation. A prompt disassembly of the PS II holo-
complex has been observed upon photodamage (Aro
et al., 1993), however, the driving force for this dis-
assembly is not well understood. It is possible that re-
versible PS II protein phosphorylation is responsible

for the disassembly of photodamaged PS II holocom-
plexes.

In green plants and algae, several major PS II
proteins including D1, D2, PsbH, CP43, and sub-
units of the LHC-II become reversibly phosphorylated
upon exposure to strong illumination (Michel et al.,
1988; Bennett, 1991). Although phosphorylation of the
LHC-II is reported to serve in balancing the distribution
of excitation energy between PS II and PS I (Bennett,
1979; Allen and Nilsson, 1997; Allen, 2003), the pos-
sibility cannot be excluded that such phosphorylation
simply contributes to a negative charge density increase
in the stroma-exposed regions of the NH2-termini of
these PS II proteins. Such a negative charge field on the
PS II proteins might increase repulsive forces between
them, leading to their electrostatic separation (unfold-
ing of the PS II holocomplex).

Reversible phosphorylation of PS II proteins has
been linked directly to the regulation of D1 pro-
tein turnover (Aro et al., 1992; Elich et al., 1992;
Koivuniemi et al., 1995; Kruse et al., 1997). Under
ambient physiological conditions, phosphorylation of
the D1 reaction center protein appears to be controlled
by an endogenous circadian rhythm (Booij-James et al.,
2002). Phosphorylation of D1 does not alter its sensi-
tivity to photodamage but rather prevents its degrada-
tion (Koivuniemi et al., 1995; Kruse et al., 1997). As
a result, dephosphorylation of P ∼ D1 is required for
the D1 protein degradation to occur (Rintamäki et al.,
1996). In the presence of NaF, a protein phosphatase
inhibitor, photoinhibited PS II was found to disassem-
ble into monomers, while still in the phosphorylated
state, and the monomer PS II complex was found to
migrate from the appressed thylakoids of the grana
to the stroma-exposed thylakoid membranes (Baena-
González and Aro, 2002). It was proposed that phos-
phorylation of the PS II core proteins does not prevent
monomerization of the PS II holocomplex but rather
functions as a protective mechanism via inhibition of
premature degradation of the damaged D1, i.e., be-
fore the latter reaches the stroma-exposed thylakoid
region. Subsequent dephosphorylation of the PS II pro-
teins in the stroma lamellae allows a coordinated D1
degradation and de novo D1 biosynthesis to take place.
Phosphorylation of the D1 protein, however, has not
been observed in cyanobacteria or red and green algae
(Pursiheimo et al., 1998; A.K. Mattoo, personal com-
munication). This suggests that D1 phosphorylation is
not essential for D1 turnover in every photosynthetic
organism. It also raises the prospect of other mecha-
nisms employed by these organisms in the regulation
of D1 degradation.
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In a unicellular green alga, Dunaliella salina, pho-
todamaged and disassembled PS II reaction centers
have been identified and isolated as distinct 160 kD
complexes on SDS-PAGE (Kim et al., 1993; Melis
and Nemson, 1995). Kinetics of the 160 kD accu-
mulation and decay matched those of photodamage
and PS II repair (Kim et al., 1993; Baroli and Melis,
1996). The 160 kD complex was found to be a cross-
linked derivative of D1, D2, CP47, and Hsp70B, the
latter being a chloroplast-localized heat-shock protein
(Yokthongwattana et al., 2001). Other investigators
have also reported cross-linked products between D1
and proximal PS II proteins on SDS-PAGE during pho-
toinhibition (Barbato et al., 1992; Ishikawa et al., 1999;
Yamamoto, 2001). It was postulated that cross-linking
of these proteins occurs specifically in photoinhibited
thylakoids and is an artifact of the solubilization pro-
cess. Such cross-linking is unlikely to occur in vivo as
it is generally accepted that cross-linked proteins are
subject to prompt degradation. In this case, other com-
ponents of the cross-linked complex would also have
a high turnover rate similar to that of D1. However,
only the D1 protein is selectively degraded and replaced
in the course of the PS II damage and repair process
(Vasilikiotis and Melis, 1994). A frequent turnover of
D2 and of other PS II subunits has not been observed
under normal physiological conditions (Jansen et al.,
1999).

E. Involvement of a Chloroplast-Localized
Hsp70 in the PS II Repair Process

The PS II repair process is induced by irradiance and
operates only in the light. As such, no photodamage or
repair occurs in the dark (Polle and Melis, 1999). The
repair involves a coordinated and light-regulated ex-
pression of several genes and their respective proteins.
A clear example of this ‘induction’ was provided by the
prompt (less than 1 h) and specific 70-fold increase in
Hsp70B gene transcripts following a LL → HL tran-
sition of a green alga culture (Drzymalla et al., 1996;
Schroda et al., 1999; Yokthongwattana et al., 2001).

Evidence suggested that a molecular chaperone, the
Hsp70B protein, might play a critical role in the PS II
damage and repair process. A full-length cDNA of
the D. salina Hsp70B gene was cloned and sequenced
(GenBank Accession No. AF420430/AJ271605). Ex-
pression patterns of the Hsp70B gene were investigated
upon shifting a D. salina culture from low-light to
high-light-growth conditions, designed to significantly
accelerate the rate of PS II photodamage. Northern
blot analyses and nuclear run-on transcription assays

revealed a prompt and substantial irradiance-dependent
induction of Hsp70B gene transcription, followed by a
subsequent increase in Hsp70B protein synthesis and
accumulation. Mild detergent solubilization of pho-
toinhibited thylakoid membranes, in which photodam-
aged PS II centers had accumulated, followed by non-
denaturing gel electrophoresis revealed formation of
a 320 kD native protein complex that contained, in
addition to the Hsp70B, the photodamaged but as yet
undegraded D1 protein as well as D2 and CP47. Ev-
idence suggested that the 320 kD complex is a tran-
siently forming PS II repair intermediate. Denaturing
solubilization of the 320 kD PS II repair intermedi-
ate by SDS-urea resulted in cross-linking of its con-
stituent polypeptides, yielding a 160 kD protein com-
plex. It was postulated that the Hsp70B protein plays
a pivotal role in the repair process, e.g. in stabilizing
the disassembled PS II-core complex and in facilitat-
ing the D1 removal and replacement (Fig. 5; see also
Yokthongwattana et al., 2001).

Thus, the PS II damage and repair cycle lends it-
self to studies on the regulation of gene expression.
Relevant and valid questions in this area range from
signal (photodamage) perception to organelle-nucleus
communication and coordination of gene expression
for the repair.

F. Role of Zeaxanthin and of the Cbr Protein
in the PS II Damage and Repair Process

The Cbr protein is a green alga homologue to the higher
plant ELIP proteins (Banet et al., 2000), which are
related to light stress (Adamska et al., 1992). In the

Fig. 5. A schematic model depicting the interaction of the
HSP70B with the disassembled PS II-core complex prior to
the degradation and replacement of the photodamaged D1 re-
action center protein. This association results in the formation
of a PS II repair intermediate.
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model green alga Dunaliella salina, synthesis of Cbr
is induced by light stress and occurs in parallel with
the accumulation of zeaxanthin (Levy et al., 1993;
Andreasson and Melis, 1995; Jin et al., 2001, 2003).
Both Cbr and zeaxanthin appear to be reversibly associ-
ated with PS II, in which zeaxanthin acts as a quencher
of excited Chl* molecules (Frank et al., 2000; Baroli
and Niyogi, 2000; Ma et al., 2003), thereby contributing
to photoprotection. Recent work suggested a role for
Cbr-zeaxanthin in the PS II repair process. This insight
came as a result of irradiance-dependent studies, first
with a photoinhibition-sensitive mutant of Dunaliella
salina (denoted as dcd1; Jin et al., 2001). Photoinhibi-
tion in the dcd1 was manifested by a lowering of the
Fv/Fm ratio, inhibition in QA photoreduction, and ac-
cumulation of zeaxanthin and of the 320 kD protein
complex in the thylakoid membranes, onset of which
occurred at a lower threshold of irradiance than in the
wild type. In addition to these accepted markers of pho-
toinhibition, de-epoxidation of the xanthophyll cycle
carotenoids, accumulation of zeaxanthin and enhanced
levels of the Cbr protein were observed. Although the
onset of these changes occurred at different levels of ir-
radiance for the wild type and for the dcd1 mutant, there
appeared to be a strict correlation between xanthophyll
de-epoxidation, amount of Cbr protein, and amount of
photodamaged PS II centers. The notion of a relation-
ship between PS II repair and Cbr-zeaxanthin was fur-
ther strengthened in kinetic studies. These showed that
zeaxanthin and the Cbr protein accumulate in parallel
with the accumulation of photodamaged PS II centers
following a LL → HL shift, and decay in tandem with
a chloroplast recovery from photoinhibition (Jin et al.,
2001, 2003).

Experimental evidence for the accumulation of zea-
xanthin during photodamage, and possibly due to pho-
todamage, was first presented by Trebst and cowork-
ers (Depka et al., 1998). This body of evidence has
been steadily growing in the literature (Smith et al.,
1990; Baroli and Melis, 1996; Jahns and Miehe, 1996;
Demmig-Adams et al., 1998; Xu et al., 1999; Jahns
et al., 2000; Jin et al., 2001, 2003). Diverse observa-
tions, which cover both higher plants and green algae,
raised the possibility that zeaxanthin and the Cbr pro-
tein accumulate not in response to irradiance per se
but in proportion to photoinhibition. It was hypothe-
sized that zeaxanthin and the Cbr protein might play
a role in the protection of photodamaged and dis-
assembled PS II reaction centers, apparently needed
while PS II is in the process of degradation and re-
placement of the D1/32 kD reaction center protein (Jin
et al., 2001, 2003). This notion is consistent with the

recovery of pea chloroplasts from photoinhibition in
which the kinetics of zeaxanthin epoxidation to vio-
laxanthin resembled those of D1 degradation and re-
placement (Jahns and Miehe, 1996). The notion is also
consistent with a study of an obligate shade species in
which the de-epoxidation state of the xanthophyll-cycle
carotenoids remained directly proportional to the level
of photoinhibition in the leaves and independent of
the light-intensity seen by the plant (Demmig-Adams
et al., 1998). Further in this direction, of interest is
the developing story of the underlying biochemistry in
overwintering plant species, in which there appears to
be interplay between photoprotection, zeaxanthin ac-
cumulation, and status of the PS II damage and repair
cycle (Adams et al., 2002, 2004).

G. Sulfur-Deprivation Arrests the PS II
Repair Process

In the absence of a sufficient supply of sulfur to the
chloroplast, which is an essential component of cys-
teine and methionine (Hell, 1997), D1 protein biosyn-
thesis is impeded and the repair cycle is arrested in
the PS II QB-nonreducing configuration (Wykoff et al.,
1998). In consequence, the rate of photosynthesis de-
clines quasi-exponentially in the light as a function of
time in S-deprivation with a half time of about 18 h
(Wykoff et al., 1998; Melis et al., 2000; Cao et al.,
2001). This effect is specific to PS II in the thylakoid
membrane. Thus, the supply of inorganic sulfur to the
chloroplast may determine the rate of D1 turnover and
may thus represent a significant regulatory step in the
PS II repair process.

H. A Novel Nuclear-Encoded and
Chloroplast-targeted Sulfate Permease
Regulates the PS II Repair Process in
Chlamydomonas reinhardtii

Genomic, proteomic, phylogenetic, and evolutionary
aspects of a novel gene encoding a putative chloroplast-
targeted sulfate permease of prokaryotic origin in the
green alga Chlamydomonas reinhardtii were described.
This nuclear-encoded sulfate permease gene (SulP)
contained four introns and five exons, whereas all other
known chloroplast sulfate permease genes lack in-
trons and are encoded by the chloroplast genome. The
deduced amino acid sequence of the protein showed
an extended N-terminus, which includes a putative
chloroplast transit peptide. The mature protein con-
tained 7 transmembrane domains and two large hy-
drophilic loops (Fig. 6). This novel prokaryotic-origin
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Fig. 6. Folding-model of the nuclear-encoded and chloroplast-
targeted Chlamydomonas reinhardtii SulP protein. CpTP refers
to the chloroplast transit peptide prior to cleavage by a stroma-
localized peptidase. TM1 represents the first N-terminal trans-
membrane domain of the SulP protein, which is exclusive to
C. reinhardtii. The other six conserved transmembrane domains
of green alga chloroplast sulfate permease are shown as A
through F. Note the two extended hydrophilic loops, occur-
ring between transmembrane helices TM1-A and D-E, facing
toward the exterior of the chloroplast. (From Chen et al., 2003.)

gene probably migrated from the chloroplast to the nu-
clear genome during evolution of C. reinhardtii. The
SulP gene, or any of its homologues, has not been re-
tained in vascular plants, e.g. Arabidopsis thaliana, al-
though it is encountered in the chloroplast genome of
a liverwort (Marchantia polymorpha). A comparative
structural analysis and phylogenetic origin of chloro-
plast sulfate permeases in a variety of species was
presented (Chen and Melis, 2002; Chen et al., 2002,
2003). Preliminary evidence suggested a dependence
of the D1/32 kD protein turnover rate on the rate of
sulfate uptake by the chloroplast. Thus, the SulP gene
may directly or indirectly regulate the PS II repair
process.

V. DNA Insertional Mutagenesis for
the Isolation and Functional
Characterization of PS II Repair
Aberrant Mutants

Currently, DNA insertional mutagenesis appears to be
the method of choice in efforts to unlock the “black
box” of the PS II repair process. The successful iso-
lation of many repair mutants will permit the identifi-
cation and study of the respective genes and proteins,
ultimately opening the way to a full elucidation of the
repair process. A review of this technology and its ap-
plication in this research is given below:

Fig. 7. Southern blot analysis to visualize the number of inde-
pendent plasmid insertions in a group of plasmid-transformed
Chlamydomonas reinhardtii. The arrow shows the position
of the endogenous inactive Arg7 gene. The other hybridiza-
tion bands originate from the insertion and non-homologous
recombination of plasmid DNA within the Chlamydomonas
reinhardtii nuclear genome. An overall 2:1 single/double plas-
mid insertion ratio was found. Lane 1: rep53; Lane 2: rep55;
Lane 3: rep27; Lane 4: rep66; Lane 5: rep16; Lane 6: rep18.

Mutagenesis and Screening Procedures: Chlamy-
domonas reinhardtii mutants are generated by transfor-
mation of an arginine auxotroph strain (CC-425) with
plasmid DNA containing the complementing argini-
nosuccinate lyase (arg+) gene (Gumpel and Purton,
1994; Davies et al., 1994, 1996). The integration of
the transformant DNA occurs almost exclusively by
nonhomologous recombination (Kindle, 1990; Tam
and Lefebvre, 1993). Thus, transformants carrying in-
tegrated DNA at random locations in the Chlamy-
domonas nuclear genome are generated (Fig. 7). The
following screening procedure is suitable and has been
successfully employed to isolate PS II repair mutants:

� Chlamydomonas reinhardtii Arg7 transformants
are grown on TAP plates (medium lacking argi-
nine).

� Replica plating on media lacking acetate is per-
formed to identify and isolate acetate-requiring
transformants. The latter are expected to include
PS II repair mutants since they cannot grow photo-
autotrophically. This is an important initial screen-
ing step, as it eliminates about 90% of the Arg7
transformants.

� Each acetate-requiring transformant is grown (in
the presence of acetate) separately under low-
light (LL: 10 μmol photons m−2 s−1) or medium-
light (ML: 150 μmol photons m−2 s−1) condi-
tions. The steady-state amount of functional PS II
is measured in such replica colonies. In repair-
aberrant C. reinhardtii, the steady-state amount of
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functional PS II depends solely on the relationship
between the rate of PS II biogenesis and photodam-
age. At 10 μmol photons m−2 s−1, the rate of pho-
todamage (about once every 48 h) is slower than the
rate of de novo PS II biosynthesis (cell duplication
time ∼24 h), thus permitting accumulation and de-
tection of functional PS II centers in the chloroplast
thylakoids. At 150 μmol photons m−2 s−1, the rate
of photodamage (once every ∼5 h) is faster than the
rate of de novo PS II biosynthesis (cell duplication
time of ∼18 h), thus causing a nearly quantitative
accumulation of photodamaged PS II centers in the
chloroplast thylakoids.

� Chlorophyll fluorescence transient analysis of the
LL and ML-grown mutants is applied to measure
the activity of PS II from the yield of the non-
variable (Fo), variable (Fv), and maximum (Fm)
fluorescence emission (Guenther et al., 1990). Re-
pair mutants are selected on the basis of differen-
tial fluorescence phenotype under LL versus ML
conditions, as follows. LL-grown repair mutants
display both Fo and Fv (Zhang et al., 1997), in-
dicating the presence and functional integrity of
PS II in the chloroplast thylakoids. ML-grown re-
pair mutants display Fo but are mostly or entirely
devoid of Fv. This irradiance-induced difference in
the fluorescence induction characteristics indicates
that chloroplasts synthesize, assemble, and retain
functional D1 under low-light conditions (when the
rate of photodamage is very slow) but could not
repair photodamaged D1 under moderate light in-
tensities.

� Transformants that meet the above criteria are
isolated. Their functional and repair properties are
investigated further by absorbance difference spec-
trophotometry, SDS-PAGE, Western blot analy-
sis, and (35S) sulfate pulse-chase labeling (Melis,
1989; Vasilikiotis and Melis, 1994; Zhang et al.,
1997; Melis, 1999), leading to the isolation of
repair-aberrant mutants.

In summary, DNA insertional mutagenesis efforts
for the generation, isolation, and characterization of
PS II repair aberrant mutants is a useful tool in the
discovery of additional genes and proteins that are in-
volved in the PS II repair process. Identification of such
genes will permit a subsequent study of their func-
tional and regulatory properties and will thus advance
knowledge about the PS II repair process. This exper-
imental approach, when carefully and persistently im-
plemented, may thus contribute to the complete eluci-
dation of the PS II repair process.

VI. Conclusions

The biological significance of the PS II repair cycle
is the selective targeting, removal, and replacement of
an individual subunit (the inactivated D1/32 kD pro-
tein) from the multi-protein PS II holocomplex (MW >

1,000 kD), which is localized in the inaccessible re-
gion of the grana membranes in chloroplasts. This phe-
nomenon is unique in the annals of biology; nothing
analogous in complexity and specificity has been re-
ported in animals, fungi, or bacteria. Elucidation of the
repair mechanism may reveal the occurrence of hith-
erto unknown regulatory and catalytic reactions for
the selective in situ replacement of specific proteins
in multi-protein complexes. This may have potentially
significant applications in photosynthesis and plant bi-
ology but also in medicine and other fields. Thus, the
phenomenon is both of fundamental and practical im-
portance.

Fundamentally, elucidation of the PS II repair pro-
cess will provide information about the genes and pro-
teins, mechanisms and regulations that are involved in
a unique process. Practically, the significance of the
PS II repair to agriculture is that it maintains photo-
synthesis. Mutagenesis work in the laboratory of the
senior author has shown that oxygenic photosynthesis
cannot be sustained in repair-aberrant mutants (Zhang
et al., 1997). However, the repair mechanism is not
perfect. It is recognized that the PS II repair is effi-
cient only under a narrow range of plant growth con-
ditions. Under many field or laboratory conditions, the
mechanism cannot fully cope with moderate and high
rates of photodamage, resulting in photoinhibition of
photosynthesis, i.e., lower yields and productivity of
photosynthesis and potential losses in plant growth
(Powles, 1984; Aro et al., 1993; Königer and Winter,
1993; Payton et al., 1998; Melis, 1999). Work in the
laboratory of the senior author provided examples of
the limitation in growth imposed by photoinhibition
in the green alga Dunaliella salina. Under otherwise
optimal growth conditions with an abundance of nu-
trients, the rate of photosynthesis and cell duplication
in Dunaliella salina increased in the range of 100–800
μmol photons m−2 s−1, reached a plateau in the range
of 800–1,500 μmol photons m−2 s−1, and declined at
light intensities greater than 1,500 μmol photons m−2

s−1 (Smith et al., 1990; Baroli and Melis, 1996). At
the intensity of full sunlight (2,500 μmol photons m−2

s−1), the actual rate of cell growth was only ∼60% of
the potential rate. This loss in productivity was due to
photoinhibition, i.e., to rates of photodamage that could
not be compensated for by the repair mechanism (see
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also Smirnoff, 1995; McKersie et al., 1996). In sum-
mary, elucidation of the repair process, identification
of its rate limiting step(s), and a genetic improvement
of its performance may have positive implications in
terms of improvement in the rate of photosynthesis un-
der field conditions with an attendant increase in plant
growth and productivity.
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Summary

The activity of photosystem II (PS II) is severely restricted by a variety of environmental factors and, under
environmental stress, is determined by the balance between the rate of damage to PS II and the rate of the repair of
damaged PS II. The effects of environmental stress on damage and repair can be examined separately and it appears
that, while light can damage PS II directly, most types of environmental stress act primarily by inhibiting the repair
of PS II. Studies in cyanobacteria have demonstrated that repair-inhibiting conditions include oxidative stress, salt
stress, and low-temperatures stress, each of which suppresses the de novo synthesis of proteins, in particular the
D1 protein, which is required for the repair of PS II. The synergistic effects of combinations of different types
of environmental stress suggest that it is the repair process that determines the sensitivity of PS II to specific
environmental conditions.
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I. Introduction

In natural environments, photosynthetic organisms are
often exposed to unfavorable environmental condi-
tions, such as strong light, high concentrations of
salt, and low and high temperatures. Photosystem II
(PS II) is very sensitive to changes in the environ-
ment and, under unfavorable or stressful environmental
conditions, the activity of PS II declines more rapidly
than many other physiological activities (Berry and
Björkman, 1980; Demmig-Adams and Adams, 1992;
Aro et al., 1993; Andersson and Aro, 2001; and refer-
ences therein). Since the efficiency of photosynthesis is
largely a reflection of the activity of PS II, considerable
attention has been paid to the effects of environmental
stress on PS II.

Initial studies directed toward an understanding of
the mechanisms of the inhibition of PS II by envi-
ronmental stress suggested that environmental stress
might damage PS II directly (Jones and Kok, 1966a,b;
Boyer and Bowen, 1970; Jones, 1973; Keck and Boyer,
1974; Björkmann and Powles, 1984; see also reviews
by Powles, 1984; Aro et al., 1993; Ohad et al., 1994;
Keren and Ohad, 1998; Melis, 1999; Andersson and
Aro, 2001; Adir et al., 2003). This conclusion was
based on the results of experiments in vitro in which
isolated thylakoid membranes or PS II complexes were
exposed to the conditions associated with environmen-
tal stress. Nonetheless, this approach revealed that dam-
age to PS II was not repaired under the conditions of
the experiments. Evidence for direct damage to PS II
by environmental stress was also obtained from in vivo
studies in which whole organisms were exposed to en-
vironmental stress. Again, conclusions were often de-
rived from observations that failed to distinguish the
process of damage to PS II from the repair of PS II.

In living photosynthetic cells, PS II is damaged by
light and is repaired simultaneously (Kyle et al., 1984;
Mattoo et al., 1984; Ohad et al., 1984). The rate of re-
pair of PS II is coordinated with the rate of damage
under non-stress conditions but the delicate balance
is perturbed under stressful conditions. Environmental
stress reduces the rate of repair and, as a result, the ac-
tivity of PS II decreases. Thus, the activity of PS II that
is detected under a given stress is determined by the
balance between the rate of damage to PS II and the
rate of repair. In order to clarify in full detail the nature
of the inhibition of PS II, we must examine separately
the effects of environmental stress on damage and on
repair. Methods for monitoring the two processes sep-
arately have been established (Gombos et al., 1994;
Wada et al., 1994) and their application has revealed

that light can damage PS II directly, while a variety of
other forms of environmental stress act primarily by
inhibiting the repair of PS II. This review provides a
summary of recent progress in this area and focuses
on the elucidation of the mechanisms responsible for
the regulation by environmental factors of the repair of
PS II.

II. Effects of Light

A. Photodamage and Repair of PS II

Light is a prerequisite for photosynthesis but it is harm-
ful to the photosynthetic machinery. Exposure of pho-
tosynthetic organisms to strong light results in severe
inhibition of the activity of PS II (Powles, 1984; Aro
et al., 1993; Ohad et al., 1994; Melis, 1999; Andersson
and Aro, 2001; Adir et al., 2003). This phenomenon
is referred to as photodamage to PS II or the photoin-
hibition of PS II. Although full details of mechanisms
responsible for the photodamage to PS II remain un-
clear, there is general agreement that the primary target
of photodamage is the photochemical reaction center.
It is hypothesized that a primary event in photoinhibi-
tion causes damage to the D1 protein, which triggers
the rapid degradation of the damaged D1 protein by
several proteases (Prásil et al., 1992; Aro et al., 1993;
Andersson and Aro, 2001).

In living photosynthetic cells, a system exists for
the repair of photodamaged PS II (Aro et al., 1993;
Andersson and Aro, 2001). The damaged D1 protein
is replaced by a newly synthesized precursor to the D1
protein, which is encoded by the psbA gene (Ohad et al.,
1984; Mattoo et al., 1984, 1989). The carboxy-terminal
region of the precursor protein is removed by specific
proteases (Anbudurai et al., 1994; Inagaki et al., 2001)
and PS II is reactivated.

B. Dissection of Photodamage and Repair

Photosystem II normally undergoes photodamage and
repair simultaneously in living cells. Thus, if we want
to monitor the process of damage exclusively, it is nec-
essary to block the repair process by exposure of cells
to an inhibitor of protein synthesis, such as chloram-
phenicol or lincomycin. Figure 1A shows typical kinet-
ics of the photodamage to PS II in the cyanobacterium
Synechocystis sp. PCC 6803. Transformable cyanobac-
teria are useful model organisms for studies of the ef-
fects of environmental stress on photosynthesis. The
incubation of Synechocystis cells for 2 h in light at
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Fig. 1. Profiles of photodamage to PS II. (A) Photodamage to PS II was, apparently, not induced in cells of Synechocystis when
they were exposed to strong light (1.5 mmol photons m−2 s−1) for 2 h (open triangles), but the progress of actual photodamage was
visualized when the repair of photodamaged PS II was blocked by the presence of 200 μg ml−1 chloramphenicol (open circles).
(B) Relationship between photodamage to PS II and light intensity. Initial rates of photodamage to PS II under light at various
intensities were determined in the presence of 200 μg ml−1 chloramphenicol in cells of Synechocystis. Reproduced from Nishiyama
et al. (2004).

1.5 mmol photons m−2 s−1 had no significant effect
on the activity of PS II. However, in the presence of
chloramphenicol, similar incubation resulted in the in-
activation of PS II, revealing the actual photodamage
of PS II in the absence of repair. This strategy has been
used to monitor the process of photodamage to PS II in
cyanobacteria (Gombos et al., 1994; Wada et al., 1994;
Nishiyama et al., 2001) and in plants (Moon et al.,
1995; Alia et al., 1999). It appears, from Figure 1A,
that light at 1.5 mmol photons m−2 s−1 for 2 h provides
conditions under which the rate of photodamage is bal-
anced by the rate of repair in Synechocystis (Fig. 1A).
Stronger light promotes greater photodamage to PS II,
and Figure 1B shows how the initial rate of photodam-
age to PS II varies with light intensity in the presence
of chloramphenicol in Synechocystis. The initial rate
of photodamage to PS II was proportional to the light
intensity (Allakhverdiev and Murata, 2004; Nishiyama
et al., 2004). Similar results were obtained in studies of
plant leaves that had been exposed to light at various
intensities in the presence of an inhibitor of protein syn-
thesis (Park et al., 1995; Tyystjärvi and Aro, 1996; Lee
et al., 2001). These findings suggest that photodamage
to PS II depends solely on the intensity of incident light.

In experiments designed to monitor the repair of
PS II, organisms are first exposed to very strong light,
such as light at 3 mmol photons m−2 s−1, to decrease
the activity of PS II to about 10–20% of the origi-
nal value. During subsequent exposure of the organ-
isms to light at a moderate intensity, such as 70 μmol
photons m−2 s−1, the activity gradually returns to the

original level (Fig. 2). Such experiments have often
been used to examine the repair of PS II in cyanobac-
terial cells (Gombos et al., 1994; Wada et al., 1994;
Nishiyama et al., 2001, 2004; Allakhverdiev et al.,
2002, 2003; Allakhverdiev and Murata, 2004) and in
leaves of higher plants (Moon et al., 1995; Alia et al.,
1999). These studies have revealed, for example, that
the rate of repair of PS II in Synechocystis depends on
the intensity of light in light at intensities below approx-
imately 300 μmol photons m−2 s−1 (Allakhverdiev and
Murata, 2004). Thus, light acts not only by damaging
PS II but also by inducing the repair of PS II.

C. Mechanisms of Photodamage

Intensive efforts have been made to define the molec-
ular mechanisms of photodamage to PS II and many
putative mechanisms have been proposed (Kyle et al.,
1984; Mattoo et al., 1984; Arntz and Trebst, 1986;
Callahan et al., 1986; Theg et al., 1986; Allakhverdiev
et al., 1987; Demeter et al., 1987; Cleland, 1988;
Greenberg et al., 1989; Klimov et al., 1990; Setlik et al.,
1990; Vass et al., 1992; Keren et al., 1997). Among
the many possible mechanisms, particular attention has
been paid to three, namely, the “acceptor-side”, “donor-
side”, and “low-light” mechanisms.

In the proposed “acceptor-side” mechanism, the
double reduction of the quinone acceptor QA, as a
result of excess light, facilitates the formation of the
triplet state of the reaction-center chlorophyll, which
transfers excitation energy to oxygen molecules. The
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Fig. 2. Repair of photodamaged PS II and the effects of envi-
ronmental stress. Cells of Synechocystis were exposed to strong
light (3 mmol photons m−2 s−1) for 1 h under normal conditions
(20 mM NaCl, 34◦C) to induce approximately 80% inactivation
of PS II. Cells were then incubated in weak light (70 μmol pho-
tons m−2 s−1) at 34◦C to allow the activity of PS II to recover
(Control). A, Repair of PS II under oxidative stress (0.5 and
1 mM H2O2). B, Repair of PS II under salt stress (0.5 and
1.0 M NaCl). C, Repair of PS II under low-temperature stress
(10, 18, and 25◦C).

singlet oxygen (1O2) that is produced damages to the
D1 protein (Vass et al., 1992). By contrast, in the pro-
posed “low-light” mechanism, charge recombination
under low-intensity light between QA

− or QB
−, an-

other quinone acceptor, and the oxidized S2,3 states of
the donor side of PS II produces triplet chlorophyll,
is responsible for the formation of 1O2 (Keren et al.,
1997).

In the proposed “donor-side” mechanism, acidifica-
tion of the lumen, due to the transfer of protons, in-
activates the oxygen-evolving system and allows the
formation of long-lived P680+, the oxidized reaction-
center chlorophyll, which damages the D1 protein
(Callahan et al., 1986; Theg et al., 1986; Klimov et al.,
1990; Chen et al., 1992). The evidence for these three
possible mechanisms has been drawn mainly from stud-
ies of PS II complexes in vitro. However, none of the
proposed mechanisms explains several aspects of the
photodamage to PS II that have been observed in vivo.
First, there is a distinct proportionality between the
initial rate of photodamage to PS II and light inten-
sity (Fig. 1B). The “acceptor-side” mechanism does
not explain the proportionality of photodamage to light
intensity under low-intensity light, and the “low-light”
mechanism, in its turn, does not explain the propor-
tionality of photodamage to light intensity under strong
light.

Each of the three hypothetical mechanisms is based
on the assumption that the rate of photodamage to PS II
depends on the rate of transfer of electrons in PS II.
However, interference with the transport of electrons
by 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)
had no effect at all on the proportionality of photo-
damage to light intensity in Synechocystis (Nishiyama
et al., 2004). Moreover, strict proportionality was even
observed when the system for the transport of electrons
in PS II was supersaturated by exposing the thylakoid
membranes from pumpkin leaves to single-turnover
flash conditions (Tyystjärvi et al., 2001). Thus, it ap-
pears that photodamage to PS II is independent of the
transport of electrons.

The “acceptor-side” and “low-light” mechanisms
also suggest that 1O2 might be responsible for photo-
damage to PS II. As we shall also see below, neither the
overproduction of 1O2 nor the elimination of oxygen in
Synechocystis cells has any effect on the proportional-
ity of photodamage to light intensity (Nishiyama et al.,
2004). Thus, it seems unlikely that 1O2 is responsible
for photodamage to PS II in cyanobacteria.

The proportionality between light intensity and the
photodamage to PS II indicates that photodamage de-
pends on the number of photons absorbed and this
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proportionality also suggests the existence of a pho-
ton sensor in PS II. The action spectrum of photodam-
age to PS II has a peak in the ultraviolet and blue re-
gions (Jones and Kok, 1966a; Greenberg et al., 1989;
Jung and Kim, 1990; Tyystjärvi et al., 2002) and re-
sembles the absorption spectra of model manganese
compounds (Baffert et al., 2002; Carrell et al., 2003).
Thus, Tyystjärvi et al. (2001) proposed that the pri-
mary event in photodamage might be the absorption
of photons by the manganese cluster of the oxygen-
evolving machinery, with subsequent dissociation of
excited manganese ions and the formation of P680+.
Then P680+, the strongest biological oxidant identi-
fied to date (1.12 volts; see Klimov et al., 1979), might
damage the D1 protein (Anderson, 2001). Therefore,
it is likely that the photodamage to PS II is a purely
light-dependent event that occurs under light at all in-
tensities and does not involve the action of oxygen. In
this context, light might not be a stress factor and, fur-
thermore, susceptibility to damage by light might be
an intrinsic feature of PS II, as suggested by Tyystjärvi
and Aro (1996).

III. Effects of Oxidative Stress

A. Reactive Oxygen Species (ROS)

Oxygen is essential for the viability of most organisms
but it is also potentially toxic. In its ground state, oxy-
gen is a triplet molecule that is generally unreactive as a
result of spin restriction. The activation of oxygen in its
ground state by various reactions overcomes the spin
restriction with resultant formation of reactive oxygen
species (ROS). Reduction of oxygen leads to the forma-
tion of the superoxide radical (O2

−), hydrogen peroxide
(H2O2), and the hydroxyl radical (·OH), while elec-
tronic excitation leads to the formation of singlet-state
oxygen (singlet oxygen; 1O2). These various ROS can
potentially damage many cellular components, such as
proteins, lipids, and nucleic acids (Halliwell and Gut-
teridge, 1990).

In photosynthetic organisms, the major source of
ROS is the photosynthetic machinery in thylakoid
membranes (Asada, 1996, 1999). Both H2O2 and ·OH
are generated during the reduction of O2

−, which is
generated most abundantly on the acceptor side of pho-
tosystem I as a result of the photosynthetic transport
of electrons. H2O2 and O2

− are also generated in il-
luminated PS II (Ananyev et al., 1992; Chen et al.,
1992). 1O2 is generated by the transfer of energy from
excited pigments, such as chlorophylls, in the light-

harvesting complexes (Knox and Dodge, 1985; Zolla
and Rinalducci, 2002); from excited Fe-S centers in
photosystem I (Chung and Jung, 1995); and from pho-
todamaged PS II (Anderson, 2001). The generation of
various ROS is promoted when the photosynthetic ma-
chinery absorbs excess light and also when the avail-
ability of CO2 or of NADP is limited (Asada, 1996,
1999).

B. ROS and Photodamage to PS II

As described above, various studies suggest that ROS
and, in particular, 1O2 are the primary cause of photo-
damage to PS II. According to the proposed “acceptor-
side” and “low-light” mechanisms, the 1O2 that is
formed by the transfer of energy from triplet chloro-
phyll damages the D1 protein, and this damage trig-
gers the enzymatic degradation of the D1 protein (Vass
et al., 1992; Keren et al., 1997). The generation of 1O2

can be detected when PS II complexes, thylakoid mem-
branes, and plant leaves are illuminated (Telfer et al.,
1994; Hideg et al., 1994, 1998). Exposure of thylakoid
membranes to 1O2 results in the selective and specific
cleavage of the D1 protein (Okada et al., 1996). Other
ROS, such as H2O2 and O2

−, also induce the specific
cleavage of the D1 protein in vitro (Miyao et al., 1995).
Free-radical scavengers protect the D1 protein from
degradation in Spirodela plants, suggesting that oxy-
gen free radicals, such as ·OH, are involved in the light-
dependent degradation of the D1 protein (Sopory et al.,
1990). However, since effects of ROS on the repair sys-
tem have not been investigated in these cited studies,
the roles of ROS in photodamage in vivo remain to be
fully clarified.

Details of the roles of ROS in the photodamage to
PS II were examined in vivo in Synechocystis by sep-
arating photodamage from repair (Nishiyama et al.,
2001, 2004). Increases in intracellular concentrations
of 1O2, caused by exposure of cells to photosensitiz-
ers, such as rose bengal and ethyl eosin at 10 μM,
stimulated the apparent photodamage to PS II. How-
ever, the actual photodamage to PS II, as assessed in
the presence of chloramphenicol, was unaffected by
the production of 1O2. These findings indicate that 1O2

acts by inhibiting the repair of photodamaged PS II and
not by accelerating damage to PS II. The proportional-
ity between photodamage and light intensity, as shown
in Figure 1B, was totally unaffected by the overpro-
duction of 1O2 in cells in the presence of photosensi-
tizers and by the elimination of oxygen from cells in
Synechocystis (Nishiyama et al., 2004). Thus, it appears
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that 1O2 might not be responsible for photodamage to
PS II.

Increases in the intracellular concentration of H2O2,
caused by exposure of cells to 0.5 mM H2O2 or by
disruption of genes for H2O2-scavenging enzymes, re-
vealed that H2O2 also inhibits the repair of PS II but
does not damage PS II directly (Nishiyama et al., 2001).
Thus, it is likely that a variety of ROS act primarily by
inhibiting the repair of photodamaged PS II.

C. Inhibition of Repair by ROS

Direct inhibition of the repair of PS II by ROS was
demonstrated in studies that showed that the recovery
of the activity of photodamaged PS II was severely
inhibited by the intracellular production of 1O2 and
also by exposure of Synechocystis cells to 0.5 mM
H2O2 (Fig. 2A; Nishiyama et al., 2001, 2004). More-
over, a mutant of Synechocystis that lacked two H2O2-
scavenging enzymes was unable to repair photodam-
aged PS II in the presence of 0.5 mM H2O2 (Nishiyama
et al., 2001).

D. Molecular Mechanisms of
ROS-Induced Inhibition

The extent of the repair of PS II is determined by the
rate of the synthesis of the D1 protein de novo (Aro
et al., 1993). Suppression of the de novo synthesis of
the D1 protein by 1O2 and H2O2 was demonstrated by
labeling proteins with [35S]methionine in Synechocys-
tis in vivo (Nishiyama et al., 2001, 2004; Allakhverdiev
and Murata, 2004). These studies also revealed that 1O2

and H2O2 not only suppressed the de novo synthesis of
the D1 protein but also suppressed the synthesis of al-
most all of the other proteins in thylakoid membranes,
suggesting that the target of suppression might be a
process common to the synthesis of all proteins.

The synthesis of the mature D1 protein is accom-
plished by a sequence of events that includes transcrip-
tion of psbA genes, translation of psbA mRNA, and
processing of the precursor to the D1 protein (pre-D1).
An attempt to identify the process that is suppressed by
ROS was made by analyzing levels of psbA mRNA and
pre-D1. Northern and immunoblot analysis revealed
that the translation of psbA mRNA is suppressed by
1O2 and H2O2 (Nishiyama et al., 2001, 2004). Further-
more, the subcellular localization of polysomes with
bound psbA mRNA suggested that the primary target
of 1O2 and H2O2 might be the elongation step of trans-
lation (Nishiyama et al., 2001, 2004).

The sensitivity of elongation factors to oxidative
stress has been reported in Escherichia coli and in
mammals. Elongation factor G is sensitive to carbony-
lation by H2O2 in Escherichia coli (Tamarit et al.,
1998), and this factor was also identified as one of
the proteins that are most susceptible to oxidation in
a mutant of Escherichia coli that lacked a superox-
ide dismutase (Dukan and Nyström, 1999). Moreover,
elongation factor 2 is inactivated selectively by the ox-
idant cumene hydroperoxide in rat liver (Ayala et al.,
1996). Thus, elongation factors appear to be the most
probable candidates for primary targets of 1O2 and
H2O2.

In the chloroplast, the translation of psbA mRNA is
regulated by redox components at the initiation step
(Hirose and Sugiura, 1996; Yohn et al., 1996; Trebitsh
and Danon, 2001) and at the elongation step (Zhang
et al., 2000). It remains to be determined whether such
redox components are affected by oxidative stress due
to 1O2 and H2O2. In contrast to cyanobacteria, the D1
protein of higher plants undergoes phosphorylation,
which may regulate the degradation of the D1 protein
(Rintamäki et al., 1995) and the metabolism of the D1
protein in a circadian-dependent manner (Booij-James
et al., 2002). It is of interest to assess whether the phos-
phorylation of the D1 protein is affected by oxidative
stress.

IV. Effects of Salt Stress

A. Salt Stress and Photodamage to PS II

Salt stress is an important environmental factor that
limits the growth and productivity of plants (Boyer,
1982; Hagemann and Erdmann, 1997). In natural en-
vironments, salt stress often occurs in combination
with light stress and there have been several studies of
the effects of salt stress on PS II under strong light.
Such studies suggest that salt stress might enhance
photodamage to PS II in Chlamydomonas reinhardtii
(Neale and Melis, 1989); leaves of barley (Hordeum
vulgare; Sharma and Hall, 1991), sorghum (Sorghum
bicolor; Sharma and Hall, 1991), and rye (Secale ce-
reale; Hertwig et al., 1992); and in Spirulina platensis
(Lu and Zhang, 1999). However, since the cited studies
were performed under conditions that negatively im-
pact synthesis and repair of PS II proteins, it remains
to be determined whether salt stress induces damage to
PS II directly.

The separate effects of salt stress on damage
and repair have been examined in Synechocystis
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(Allakhverdiev et al., 1999, 2002; Allakhverdiev and
Murata, 2004). Salt stress, due to 0.5 M NaCl, inhib-
ited the repair of photodamaged PS II (Fig. 2B) but
did not accelerate damage to PS II directly. Thus, it ap-
pears that the enhanced photodamage to PS II that was
observed in earlier studies might have been due to the
synergistic effects of light and salt stress.

B. Molecular Mechanisms of
Salt-Induced Inhibition

The labeling of proteins in Synechocystis in vivo re-
vealed that the de novo synthesis of the D1 protein
is inhibited by salt stress in the form of 0.5 M NaCl
(Allakhverdiev et al., 2002; Allakhverdiev and Murata,
2004). Moreover, salt stress suppressed not only the
synthesis of the D1 protein de novo but also the syn-
thesis of almost all other proteins. In an analysis of the
reactions that lead to the synthesis of the D1 protein de
novo, northern and immunoblot analyses revealed that
salt stress suppressed the synthesis of the D1 protein
at both the transcriptional and the translational levels
(Allakhverdiev et al., 2002).

C. Overall Gene Expression under
Salt Stress

DNA microarrays have been used to examine the ef-
fects of environmental stress on the overall expres-
sion of genes in Synechocystis (Hihara et al., 2001;
Kanesaki et al., 2002). Salt stress in the form of 0.5 M
NaCl strongly diminished the inducibility by light of
approximately 60% of light-inducible genes and mod-
erately suppressed the inducibility by light of approx-
imately 20% of light-inducible genes (Allakhverdiev
et al. 2002). At 1.0 M NaCl, the expression of all the
normally light-inducible genes was no longer inducible
by light. Thus, salt stress depressed the expression of
various light-inducible genes. It appears that direct in-
terference with the transcriptional machinery by salt
stress is partly responsible for the inhibition of the re-
pair of PS II.

V. Effects of Low-Temperature Stress

A. Low-Temperature Stress
and Repair of PS II

Low-temperature stress also has a significant nega-
tive effect on the growth and productivity of plants

(Öquist et al., 1987; Adams et al. 2002, 2004; Öquist
and Huner, 2003). It has often been noted that low-
temperature stress apparently enhances photodamage
to PS II under strong light (Öquist and Huner, 1991;
Öquist et al., 1993). Studies of the effects of low-
temperature stress on the repair of PS II demonstrated
that repair is inhibited at low temperatures both in Syne-
chocystis (Gombos et al., 1994; Wada et al., 1994) and
in plants (Moon et al., 1995; Alia et al., 1996). This
conclusion was confirmed in Synechocystis by monitor-
ing damage and repair separately at low temperatures,
such as 10◦C and 18◦C (Allakhverdiev and Murata,
2004). Low-temperature stress did not accelerate pho-
todamage to PS II but inhibited the repair of photo-
damaged PS II (Fig. 2C). Thus, the combination of
low-temperature stress and light stress has synergistic
effects, namely, damage caused by light and inhibition
of repair by low temperature.

B. Molecular Mechanisms of
Low-Temperature-Induced Inhibition

Labeling of proteins in Synechocystis in vivo demon-
strated that the de novo synthesis of the D1 protein
was suppressed at low temperatures, such as 10◦C and
18◦C (Allakhverdiev and Murata, 2004). The extent of
suppression depends on temperature and it seems likely
that the suppression of the synthesis of proteins de novo
might be a generalized phenomenon (Allakhverdiev
and Murata, 2004). The step in the synthesis of the D1
protein that is suppressed by low temperature remains
to be identified.

C. Unsaturation of Fatty Acids

The unsaturation of fatty acids in membrane lipids is an
important factor in determining the tolerance of plants
and cyanobacteria to low temperature (Wada et al.,
1990; Murata et al., 1992). For example, the unsat-
uration of fatty acids protects PS II from the inhibi-
tion of the activity that is caused by strong light at low
temperatures (Wada et al., 1990; Murata et al., 1992).
Molecular biological studies in plants and cyanobac-
teria have demonstrated that the unsaturation of fatty
acids protects PS II at low temperatures by accelerating
the repair of photodamaged PS II (Gombos et al., 1994;
Wada et al., 1994; Moon et al., 1995). Studies with a
mutant of Synechocystis that was deficient in a fatty-
acid desaturase revealed that the processing of pre-D1
was modulated by the unsaturation of fatty acids at low
temperatures (Kanervo et al., 1997).
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D. Repair in Darkness

Separation of photodamage from repair at low temper-
atures revealed the existence of an intermediate form
of photodamaged PS II (Allakhverdiev et al., 2003).
After photodamage to PS II in Synechocystis at low
temperatures, which ranged from 0 to 10◦C, the ac-
tivity of PS II recovered to about 50% of the original
level in darkness at moderate temperatures without the
de novo synthesis of the D1 protein. This observation
suggests that an intermediate form of photodamaged
PS II might be repaired in a manner that is different
from light-dependent repair. Full repair of photodam-
aged PS II requires the de novo synthesis of proteins
in the light, which is accelerated with increases in tem-
perature, mainly at the step that corresponded to the
processing of pre-D1 (Allakhverdiev et al., 2003).

VI. Conclusions and Future Perspectives

The separation of photodamage from repair has helped
to clarify the nature of the inhibition of the activity
of PS II by environmental stress. Figure 3 summarizes
the actions of environmental factors in the damage to
and repair of PS II. Oxidative stress, salt stress, and
low-temperature stress act primarily by inhibiting the

Fig. 3. Working model showing the effects of various types
of environmental stress on damage and repair of PS II. Light
damages PS II directly. Oxidative stress, salt stress, and low-
temperature stress inhibit the repair of photodamaged PS II by
suppressing the synthesis of the D1 protein de novo.

repair of photodamaged PS II. By contrast, light acts
by damaging PS II directly. The susceptibility of PS II
to damage by light appears to be an intrinsic feature of
PS II. However, full details of the mechanisms of pho-
todamage to PS II remain to be elucidated. In addition
to the proportionality between photodamage and light
intensity, the action spectrum of photodamage to PS II,
which has a peak in the ultraviolet and blue regions,
forces us to reconsider the previously proposed mech-
anisms of photodamage that are based on the absorption
of light by chlorophylls. Although the effects of other
types of environmental stress, such as high-temperature
stress, osmotic stress, and drought stress, remain to
be examined, the similarities among the effects of ox-
idative stress, salt stress, and low-temperature stress
suggest that it is the repair process that regulates the
sensitivity of PS II to environmental conditions.

Investigations of molecular mechanisms have re-
vealed that these repair-inhibiting stresses act similarly
to suppress the de novo synthesis of proteins and, in
particular, the synthesis of the D1 protein, which is re-
quired for the repair of photodamaged PS II. It seems
likely that the suppression of the de novo synthesis of
proteins is the rate-limiting step in the repair of PS II
under environmental stress. The translational and tran-
scriptional machineries appear to be particularly sen-
sitive to environmental stress, for example, oxidative
stress and salt stress. Future studies should be directed
towards a full characterization of the molecular mecha-
nisms whereby translation and transcription are inhib-
ited by environmental stress.
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Summary

Cyclic electron transport around photosystem I has been proposed to play dual roles in the regulation of photosyn-
thetic electron transport: down-regulating PS II and adjusting the ATP/NADPH ratio. Recent molecular genetics
revealed that cyclic electron flow is essential for normal photosynthesis and growth. The water-water-cycle would
also play a role similar to cyclic electron transport, in addition to the effective scavenging of reactive oxygen species
generated in PS I. Though their rates of electron flux are lower than that of linear electron transport at steady state,
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these alternative electron flows are indispensable for acute responses to environmental changes and stress. Recent
biochemical and molecular studies at the protein and gene level have clarified the components participating in
the alternative electron transport. These new findings, including the dual functions of cyclic electron flow and the
water-water cycle, and their respective roles in stress responses, are discussed in this chapter.

I. Introduction

The photosynthetic electron transport system is often
regarded as a single chain of electron transfer. However,
there are actually diverging and converging routes of
electron flows around the central chain known as the
‘Z-scheme’ or ‘linear electron transport chain’. These
alternative routes of electron flow have been studied
for some time, but their physiological functions are
still a matter of debate. Among these alternative elec-
tron transport routes, cyclic electron transport around
photosystem I (PS I) and the water-water cycle have
been most intensively studied.

Cyclic electron flow around PS I was discovered
by Arnon’s group over 40 years ago (Tagawa et al.,
1963). Reduced electron carriers in the stroma, such
as reduced ferredoxin (redFd) and NADPH photopro-
duced in PS I, can donate electrons to the intersys-
tem plastoquinone and thus move electrons in a cycle
around PS I. Fd-dependent cyclic flow, which has been
shown to be inhibited by antimycin A, is thought to
be mediated by the putative enzyme Fd-quinone re-
ductase (FQR). NAD(P)H-dependent cyclic flow has
been shown to be mediated by NAD(P)H dehydroge-
nase (NDH), a homologue of the respiratory NADH
dehydrogenase in mitochondria and bacteria, which
has been referred to as Complex I in the respiratory
electron transport. Recent molecular biological studies
have characterized FQR and NDH, which are one of
the main topics of this review. Advances in the study
of cyclic electron transport as well as chlororespiration
have been reviewed previously by Nixon (2000) and
Peltier and Cournac (2002). Although transcriptional
and post-transcriptional regulation of the expression
of ndh genes have been used by many researchers as
models for studying plastid gene expression, these stud-
ies are not included in this review. Heber and Walker
(1992) have proposed that cyclic electron flow has dual

Abbreviations: AsA – ascorbate; DHA – dehydroascorbate;
Fd – ferredoxin; FNR – ferredoxin-NADPreductase; FQR –
ferredoxin-quinone reductase; GSH – reduced glutathione;
GSSG – oxidized glutathione; MDA – monodehydroascorbate;
NDH – NAD(P)H dehydrogenase; PS I – photosystem I; PS II –
photosystem II; redFd – reduced ferredoxin; ROS – reactive oxy-
gen species; SOD – superoxide dismutase.

functions, as an inducer of proton gradient-dependent
down-regulation of PS II as well as a generator of ad-
ditional ATP required for the CO2-fixation cycle.

The very same dual function can also be applied
to the water-water cycle, in addition to the effec-
tive scavenging of reactive oxygen species (ROS) in
chloroplasts. The photoreduction of dioxygen was dis-
covered by Mehler (1951), and has been referred to as
the Mehler reaction. Subsequently, the primary pho-
toreducing product of dioxygen was identified as su-
peroxide anion radicals (O−

2 ), that are photoproduced
in PS I instead of reducing NADP+ via ferredoxin
(Asada et al., 1974). The hydrogen peroxide gener-
ated via SOD-catalyzed disproportionation of super-
oxide radicals is reduced to water via a series of en-
zymatic reactions in the vicinity of the PS I complex,
by the electrons derived from the oxidation of water in
PS II. Because the electrons derived from water reduce
dioxygen to water, this effective scavenging system of
reactive, reduced species of oxygen (superoxide and
hydrogen peroxide) in PS I has been referred to as the
water-water cycle. Molecular mechanisms and func-
tions of the water-water cycle have been reviewed by
Asada (1999, 2000) in plants and Miyake and Asada
(2003) in algae.

The primary physiological function of the water-
water cycle is the rapid scavenging of ROS generated
in PS I prior to their interaction with target molecules
in chloroplasts as a means for protection against pho-
toinhibition. In addition, like the cyclic electron flow
around PS I, the water-water cycle does not produce
net reducing equivalents but only ATP through the
generation of a proton gradient across the thylakoid
membranes. This common property is a reason why
both cyclic electron flow and the water-water cycle are
thought to have similar physiological functions.

ATP production and generation of a proton gradient
across the thylakoid membranes may both play roles in
the protection against photoinhibition. ATP production
is important for the fine-tuning of the ATP/NADPH ra-
tio for effective CO2-fixation, the chloroplastic and cel-
lular requirements for which might vary from one con-
dition to another. The ATP/NADPH ratio required for
the Calvin cycle turnover is 1.5 in C3 plants. Whether
the linear or non-cyclic electron transport supports this
molar ratio has been a matter of serious discussion.
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If the operation of the Q cycle is facultative and only
occurs under specific light conditions, linear electron
flow alone does not produce enough ATP for the Calvin
cycle under full sunlight, resulting in over-production
of NADPH. This over-reducing condition can often be
observed when low light- or dark-adapted leaves are
suddenly exposed to excessive, high light (Cornic et al.,
2000; Barth et al. 2001). Additional ATP production,
via either cyclic electron transport or the water-water
cycle, might prevent the over-reduction in the inter-
system electron carriers. In this way, the alternative
flows of electrons play a role in protection from pho-
toinhibition. The second possible protective role is re-
lated to proton gradient formation, which induces down
regulation of PS II by increasing dissipation of pho-
ton energy as heat. This process is reviewed in de-
tail in other chapters of this volume (Adams et al.;
Demmig-Adams et al.; Jung and Niyogi). Recently, op-
eration of cyclic electron transport around PS II has
been shown (Miyake and Yokota, 2001; Miyake and
Okamura, 2003), which may function to induce an ex-
tra proton gradient in a similar manner to cyclic electron
flow around PS I.

II. Cyclic Electron Flow around
Photosystem I (PS I)

A. Cyclic Electron Flow Mediated by
NAD(P)H Dehydrogenase (NDH)

1. Function of NDH in Photoprotection

The presence of ndh (A-K) genes in the chloroplas-
tic genomes of moss and tobacco was found indepen-
dently by Ohyama et al. (1986) and Shinozaki et al.
(1986). These genes have a high identity with the
subunits of mitochondrial Complex I, that mediates
electron transfer between NADH and the ubiquinones.
Since those initial findings, similar encoding of ndh
in the chloroplastic genome has been found in an-
giosperms, gymnosperms, and eukaryotic algae. Fur-
thermore, similar ndh genes have also been found in
cyanobacteria (T. Ogawa, 1991). These genes are, how-
ever, lacking in the plastid genomes of several symbi-
otic plants (dePamphilis and Palmer, 1990), suggest-
ing that NDH plays an essential role in photosynthetic
reactions. Even so, the function of NDH remained
obscure until an ndhB-less cyanobacterium became
available.

T. Ogawa (1991) isolated mutants of the cyanobac-
terium Synechocystis PCC6803 that could grow only

in CO2 at elevated concentrations, but not at air-
concentration. Genetic analysis showed that these mu-
tants have mutations in ndh genes, suggesting that NDH
is essential for providing ATP to concentrate CO2 in the
cells from air. Cyclic electron transport around PS I, as
observed by the reduction of P700+ and an increase
in chlorophyll fluorescence after actinic light illumi-
nation, was found in the wild-type cells, but not in
a Synechocystis mutant in which the ndhB gene was
inactivated (Mi et al., 1992a,b, 1994, 1995). This con-
firmed that NDH functions as the mediator between
cytoplasmic electron donors photoproduced in PS I
and plastoquinone in cyanobacteria. Further, NADPH
functions as the electron donor to plastoquinone in
the thylakoids of wild-type cells, but not those of the
NDH-less mutant. Thus, NDH is the mediator between
the cytoplasmic electron donor NADPH and plasto-
quinone in cyanobacteria, and it has been proposed that
NDH-mediated cyclic electron transport supplies ATP
required for the accumulation of CO2 in cells. This
proposed function of NDH is supported by the fact
that the biosynthesis of NDH subunits is induced in
Synechocystis cells under low CO2 conditions (Deng
et al., 2003).

Development of successful chloroplast transforma-
tion made it possible to analyze the function of
NDH using gene disruption in higher plants. Four
groups independently succeeded in the production
of NDH-deficient transformants of tobacco (Burrows
et al., 1998; Kofer et al., 1998; Joët et al., 1998;
Shikanai et al., 1998). Unlike the Synechocystis mu-
tants, the NDH-deficient tobacco plants can grow nor-
mally, at least under growth chamber conditions below
100 μmol photons m−2 s−1. The common phenotype
of all of these transformants is that they lack a tran-
sient increase in chlorophyll fluorescence in the dark
after actinic illumination, which represents the tran-
sient reduction of the plastoquinone pool by reducing
equivalents accumulated in the stroma during illumina-
tion (Asada et al., 1993; Mano et al., 1995). Thus, the
lack of a post-illumination increase in chlorophyll fluo-
rescence indicates that the NDH-deficient mutant does
not have a pathway of electron transfer from the stromal
reducing equivalents to plastoquinone. These results
demonstrate the operation of an NDH-mediated cyclic
flow around PS I in plants as well. The lack of a marked
difference between the phenotypes of wild-type and
NDH-less mutants under growth chamber conditions
suggests that the ATP produced via NDH-dependent
cyclic electron flow is either not necessary or is com-
pensated by ATP produced via the Fd-dependent cyclic
electron flow, as discussed below.
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Upon illumination with saturating light for sev-
eral minutes, NDH-deficient tobacco leaves accumu-
late photoreductants in the stroma and the intersystem
chain to a greater degree than wild type, as judged from
the redox changes of P700 (Endo et al., 1999) and
chlorophyll fluorescence (Takabayashi et al., 2002).
The accumulation of photoreductants, i.e., the over-
reduction in the stroma and the intersystem carriers,
is probably due to an inappropriate ATP/NADPH ratio
for CO2-fixation in the NDH-deficient mutants. Thus,
the over-reduction found in NDH-deficient plants can
be explained by assuming that NDH functions to pro-
duce supplemental ATP under strong light, similarly to
what occurs under field conditions.

It should be noted that the phenotype of over-
reduction under strong light is more pronounced in
young leaves of an NDH-deficient tobacco mutant as
compared to mature plants (Endo et al., 2001). The
more distinct effects of the inactivation of NDH in
young versus mature plants indicate that the require-
ment for NDH is more important in young leaves,
probably due to their low CO2-fixation capacity in the
chloroplasts. In other words, NDH-dependent cyclic
flow effectively dissipates excess photon energy when
the photon energy-accepting capacity of the Calvin cy-
cle is low in immature chloroplasts. Little effect of
NDH-deficiency observed by Birth and Krause (2002)
was probably because their study was limited to mature
plants.

In conclusion, ATP production by NDH-mediated
cyclic flow appears to be non-essential under low-light,
growth chamber conditions, but is important under
photo-oxidative stress and especially in young leaves.
Under photo-oxidative conditions, NDH activity is en-
hanced in barley due to the phosphorylation of the
NdhF subunit (Lascano et al., 2003). The growth re-
tardation of NDH-deficient transformants under water
stress conditions (Horváth et al., 2000) also supports
this proposal. The phenotype of over-reduction in the
tobacco NDH-less mutant is induced by chilling stress
even under low irradiance (Li et al., 2004).

2. Electron Donors of NDH

The electron donor of chloroplastic NDH is a matter
of debate. Partially purified NDH from the cyanobac-
terium Synechocystis PCC 6803 accepts electrons only
from NADPH, but not from NADH (Mi et al., 1995;
Matsuo et al., 1998). By contrast, purified NDH from
plant thylakoids uses NADH rather than NADPH as
electron donor (Sazanov et al., 1998; Elortza et al.,
1999; Casano et al., 2000). In addition, NDH can be

purified from plant thylakoids in the form of either an
NADPH-specific complex (Guedeney, 1999) or a com-
plex accepting both NADH and NADPH (Quiles and
Cuello, 1998; Funk et al., 1999). Chlorophyll fluores-
cence analysis of spinach thylakoids indicates the dark
reduction of plastoquinones by NADPH, but not by
NADH. This NADPH-dependent reduction of plasto-
quinones was observed only when the thylakoids were
prepared from intact chloroplasts in a medium con-
taining 25 mM Mg2+ (Endo et al., 1997). Thus, the
NADPH-dependent NDH appears to bind to the thy-
lakoid membranes prepared only at this high concen-
tration of Mg2+, but not at 1 mM Mg2+. By contrast,
thylakoids from potato (Corneille et al., 1998) and
barley (Teicher and Scheller, 1998) demonstrate elec-
tron donation to the plastoquinones from both NADPH
and NADH. The activity in potato thylakoids is in-
sensitive to rotenone, antimycin A, and piericidin A,
whereas that in barley thylakoids is sensitive only to
rotenone. Thylakoid membranes from wild-type to-
bacco demonstrate electron donation from redFd in an
antimycin A-resistant manner, which is absent in the
NDH-deficient mutant, suggesting that NDH also has
Fd-plastoquinone reductase activity (Endo et al., 1998).
The involvement of Fd-NADP+ reductase (FNR) in
NDH activity was suggested by immunological studies
(Guedeney et al., 1996; Quiles and Cuello, 1998; Quiles
et al., 2000). Thus, contradictory results have been pre-
sented regarding the electron donor of NDH, but it is
clear that thylakoid membranes bind a distinct enzyme
with NAD(P)H-plastoquinone oxidoreductase activity.

3. Subunit Composition of NDH

Chloroplastic NDH has homologous, well-character-
ized counterparts in mitochondria and heterotrophic
bacteria. Since different nomenclatures have been used
for ndh genes in these organisms, homologous sub-
units of NDH from various organisms are compared
with one another in Table 1 according to their se-
quence alignments (Fearnley and Walker, 1992). The
bacterial Complex I (NDH-1) is generally composed
of 14 subunits. In Escherichia coli, however, NuoC
and NuoD are fused to form NuoCD, resulting in
13 subunits (for a review see Friedrich, 1998). The
genomes of tobacco chloroplasts and cyanobacteria
lack the NADH-binding subunits found in Bos taurus
(51, 24 and 75 kDa proteins) and E. coli (NuoE,
F and G proteins). The 51 kDa (NuoF) subunit contains
FMN and may have an NADH-binding domain. Thus,
these three subunits have been referred to as the NADH-
binding subcomplex (Friedrich, 1998). The other 11



Chapter 14 Cyclic Flow and Water-Water Cycle 209

Table 1. Subunit composition of mitochondrial Complex I of Bos taurus, NDH-1 of the bacteria
Escherichia coli and Rhodobacter capsulatus, NDH of the cyanobacterium Synechocystis 6803, and
the chloroplastic NDH complex of Nicotiana tabacum.

Synechocystis (NDH) and

E. coli b) and R. capsulatus N. tabacum chloroplast
B. taurus a) (Complex I) (NDH-1) (Chloroplastic NDH)

NAD(P)H-binding subcomplex
51 kDa NuoF —c)

24 kDa NuoE —c)

75 kDa NuoG —c)

Connecting subcomplex
49 kDa NuoD NdhH
30 kDa NuoC NdhJ
20 kDa (PSST) NuoB NdhK
23 kDa (TYKY) NuoI NdhI

Hydrophobic subcomplex
ND1 NuoH NdhA
ND2 NuoN NdhB
ND3 NuoA NdhC
ND4 NuoM NdhD
ND4L NuoK NdhE
ND5 NuoL NdhF
ND6 NuoJ NdhG
a Mitochondrial Complex 1 from mammals contains 27 additional subunits not shown here.
b NuoC and NuoD are fused to compose a single protein, NuoCD, in E. coli.
c Homologous subunits corresponding to those of NAD(P)H-binding subcomplex in bacteria are not en-
coded in chloroplastic DNA in plants and are not found in the cyanobacterium genome. For details, see
the text.

subunits found in E. coli are all encoded in tobacco
chloroplasts and cyanobacteria, which are referred to
as NdhA-K. To avoid confusion in the nomenclature,
we hereafter use the term ‘NdhA-K’, regardless of their
origins.

Among these subunits, NdhH, I, J, and K may form a
hydrophilic subcomplex that is easily dissociated from
a membrane-embedded subcomplex (NdhA, B, C, D,
E, and F). Since the four hydrophilic subunits (NdhH,
I, J, and K) connect the NADH-binding subcomplex
with the hydrophobic subcompex (NdhA-F), they are
named the ‘connecting subcomplex’ in E. coli (Leif
et al., 1995). Protease treatment of thylakoid mem-
branes of spinach shows that the NdhI and J subunits
are exposed to the stromal side of the thylakoid mem-
branes (Lennon et al., 2003), suggesting that the sub-
unit organization of chloroplastic NDH is similar to
that of Complex I from bacteria and mitochondria. The
NAD(P)H-binding and the connecting subcomplexes
are together named the peripheral arm in Neurospora
crassa and fragment Iα in E. coli, while the subcomplex
within the membranes is referred to as the ‘membrane
arm’ in N. crassa and ‘fragment I β‘ in E. coli (Videira,
1998). From the analogy with E. coli, the NdhA sub-
unit might correspond to a quinone-binding protein,

and NdhB, D, and F may be involved in proton transport
through the thylakoid membranes (Friedrich, 1998). In
mitochondrial Complex I from mammals, the subunits
composing the hydrophobic subcomplex (NdhA-G) are
encoded in the mitochondrial genome, while those of
the NADH-binding and connecting subcomplexes are
nuclear-encoded. In higher plants, two subunits (corre-
sponding to NdhH and J) are encoded in the mitochon-
drial genome, but in mammals they are encoded in the
nucleus (Rasmusson et al., 1998).

In E.coli NDH-1, the NADH-binding subunit is
NuoF, but no corresponding subunit is encoded in
the chloroplastic genome (Table 1). Thus, it is very
likely that the NAD(P)H-binding subunit of chloro-
plastic NDH is encoded in the nuclear genome. How-
ever, no nuoF homologous gene has been found in the
whole nuclear sequence of Arabidopsis thaliana, sug-
gesting that NDH in chloroplasts has an NAD(P)H-
binding subunit unique to plants. Proteomic analy-
sis of active thylakoid-bound NDH complex should
provide conclusive evidence of this point. It should
also be noted that the NAD(P)H-binding subunit has
not been isolated and characterized in cyanobacteria
(Table 1), where NDH may function very similarly to
the chloroplastic counterpart.
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B. The Cyclic Electron Flow Mediated by
Ferredoxin-Quinone Reductase (FQR)

The main reason why the NDH-deficient transformant
of tobacco described above does not show a distinct
phenotype with respect to its growth is probably due to
the presence of an alternative pathway of cyclic electron
flow mediated by ferredoxin around PS I. Since Arnon’s
group demonstrated ferredoxin-mediated cyclic elec-
tron flow (Tagawa et al., 1963), its molecular basis has
remained to be clarified. A putative ferredoxin-quinone
reductase (FQR), that is sensitive to antimycin A, has
been thought to be the mediator of Fd-dependent cyclic
electron transport around PS I (for review see Bendall
and Manasse, 1995). Miyake et al. (1995) demonstrated
the participation of a low potential cytochrome b-559
in the antimycin A-sensitive cyclic electron transport
in mesophyll chloroplasts from maize. A spectropho-
tometric survey of the thylakoid membranes shows the
far-red light-dependent reduction of a cytochrome with
an α-peak at 559 nm. The reduction is dependent on
ferredoxin and sensitive to antimycin A, suggesting
cyclic flow of electrons around PS I, i.e., P700 →
ferredoxin → Cyt b559 → plastoquinone. This Cyt b-
559 is distinguished from Cyt b-559 in the PS II com-
plex by its low redox potential. Recent X-ray structural
analysis of the Cyt b6/ f complex reveals the presence
of a novel c-type heme, which has been referred to
as heme x or heme ci. This novel heme is located at
a position very close to the heme b6 but oriented to
the stroma side, which allows it to access the elec-
trons from the stroma (Kurisu et al., 2003; Stroebel
et al., 2003). This novel heme in the Cyt b6/ f complex
could act as the electron carrier for the reduction of
the plastoquinone in the cyclic electron flow around
PS I.

Thus, chloroplasts have two pathways for the re-
duction of plastoquinone, ferredoxin-mediated and
NAD(P)H-mediated cyclic flows. Furthermore, as
stated above, chloroplastic NDH in tobacco shows FQR
activity (Endo et al., 1998) that is not inhibited by an-
timycin A. Thus, this NDH-dependent FQR activity is
distinguishable from the antimycin A-sensitive FQR.
Based on these findings, the pathways for the reduc-
tion of plastoquinone around PS I are proposed to be
as shown in Fig. 1.

The recent molecular identification of a cyclic fac-
tor PGR5 in Arabidopsis on a gene and protein ba-
sis (Munekage et al., 2002) may open a gate for
the analysis of the long-unidentified FQR. PGR5 was
originally identified as a factor that suppresses non-
photochemical quenching of chlorophyll fluorescence.

Fig. 1. Proposed pathways of cyclic electron transport around
PS I. NAD(P)H dehydrogenase (NDH) may accept electrons
from ferredoxin (Fd) as well as NADPH. The ferredoxin
quinone reductase (FQR) pathway seems to be the main path-
way, but the NDH pathway may generate extra ATP via a puta-
tive proton pump. If NADH is the substrate of NDH, the pres-
ence of a transhydrogenase, converting NADPH to NADH, can
be assumed.

Further analysis of the pgr5-deficient mutant indicates
that PGR5 is involved in antimycin A-sensitive elec-
tron transfer from redFd to the plastoquinones of the
intersystem chain, suggesting that PGR5 is a subunit of
FQR. Another important phenotype of the pgr5 mutant
is its susceptibility to photoinhibition in PS I. Under
environmental conditions where the photoreductants
accumulate in the stroma, photoinhibition of PS I is
induced (Terashima et al., 1994; Sonoike, 1996). Thus,
the deficiency of PGR5-associated cyclic flow proba-
bly results in the over-reduction of the stromal electron
carriers such as NADP+, ferredoxin, and thioredox-
ins. The lack of cyclic electron flow induces imbalance
of ATP/NADPH rate due to insufficient production of
ATP. Therefore, the clear phenotype of the pgr5 mutant
may settle the long-standing argument whether cyclic
electron flow functions to produce sufficient ATP for
the turnover of the CO2-fixation cycle under physiolog-
ical conditions. The role of PGR5 in the formation of
non-photochemical quenching, as shown above, may
also settle another argument about whether cyclic flow
can down-regulate PS II via generation of a proton gra-
dient across the thylakoid membranes. These two im-
portant phenotypic traits of the pgr5 mutant provide the
first clear evidence that supports the ‘dual function’ of
cyclic electron transport proposed by Heber and Walker
(1992). The remaining problem is to verify that PGR5
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is really a subunit of FQR. The pgr5 DNA sequence in-
dicates the absence of redox reaction domains in PGR5,
implying that unidentified subunits should participate
in the electron transfer of FQR.

The relationship between the FQR- and NDH-
mediated cyclic electron flows is another important
point to be clarified. Recently, by crossing pgr5 and ccr
mutants, Munekage et al. (2004) isolated Arabidopsis
mutants in which both the NDH- and FQR-mediated
cyclic pathways are impaired. The ccr mutant lacked
the expression of ndh genes (Hashimoto et al., 2003).
The double mutants showed much slower growth than
both parents did, suggesting that the NDH and FQR
pathways can function in a complementary manner for
the production of additional ATP required for CO2 fix-
ation. These results also strongly indicate that cyclic
electron flow is an essential pathway for the normal
operation of photosynthesis.

The growth rates of the mutants indicate that FQR
represents the main pathway, while the NDH pathway
compensates when the FQR pathway cannot operate.
However, several other functional differences between
the NDH and FQR pathway should be considered. The
pool size of NADPH is larger than that of redFd in
chloroplasts. Thus, the NDH pathway has a larger elec-
tron buffer for reducing equivalents when leaves are
suddenly exposed to strong light. If NDH in chloro-
plasts has a proton-pump, as is the case for its coun-
terpart in mitochondria, NDH can generate a larger
proton gradient than FQR does. The study of the NDH-
defective mutant indicated that the NDH pathway do-
nates electrons to the plastoquinone pool for at least
several minutes even after actinic illumination is turned
off, while no such slow reaction has been indicated in
the FQR pathway. This suggests a kinetic difference
between the two cyclic pathways: the FQR pathway is
very effective for acute responses and the NDH path-
way for long-lasting responses. The physiological rel-
evance of these differences must be further clarified to
understand a reason why the two cyclic electron flows
around PS I are necessary.

C. Cyclic Electron Flow and
Chlororespiration in Algae and Plants

The term “chlororespiration” was introduced by
Bennoun (1982) to refer to the electron transport chain
oxidizing NAD(P)H at the expense of oxygen in chloro-
plasts of several eukaryotic algae. Chlororespiration
is a chloroplastic analogue of the respiratory elec-
tron transport in mitochondria, and the oxygen up-
take associated with this process is different from

photorespiration and the Mehler reaction. Chlororespi-
ration shares several electron carriers with those in the
intersystem on the thylakoid membranes. Thus, the in-
teraction between chlororespiration and photosynthetic
linear electron transport in algal chloroplasts is very
analogous to that between respiration and photosyn-
thesis in cyanobacteria.

The NDH involved in chlororespiration has common
properties with NDH involved in the mitochondrial
respiratory chain. Godde and Trebst (1980) reported
that NADH oxidation in Chlamydomonas thylakoids
is inhibited by rotenone, and Godde (1982) purified
membrane-associated NADH-plastoquinone oxidore-
ductase, which contains flavin and Fe-S. Ravenel et al.
(1994) demonstrated NADPH-dependent cyclic flow
around PS I in C. reinhardtii, as detected by the pho-
toacoustic method. This activity is not inhibited by clas-
sical inhibitors of Complex I including rotenone, but
the mediator of this cycle has not been identified. It
was also demonstrated that Fd-dependent cyclic flow
around PS I is inhibited by antimycin A and HQNO,
both of which are inhibitors of FQR in plants. Cyclic
electron flow in this alga, as measured by energy storage
by PS I, is suppressed only when both of the alternative
pathways are inhibited.

NDH in the thylakoid membranes of cyanobacteria
has a similar role in dark respiration as in Complex I
in respiratory electron transport, since the dark oxy-
gen uptake of the NDH-defective mutant is very low
compared to that of the wild type (Mi et al., 1994).
In cyanobacteria, it appears that NDH-dependent elec-
tron flow is required for the reversible state transition
between states 1 and 2, since the NDH-lacking mutant
is locked in state 1. Thus, the mutant cannot respond
to chromatic change (Schreiber et al., 1995). In ad-
dition, the chlororespiratory electron donation to the
plastoquinone may have a function of down-regulating
PS II via state transition under oxidative stress condi-
tions, as demonstrated in Chlamydomonas (Endo et al.,
1995; Endo and Asada, 1996).

NDH-defective tobacco indicates that NDH-
mediated chlororespiration can operate in chloroplasts
of higher plants. In the light, electrons in the inter-
system chain may be used for P700+ reduction, but
in darkness the electrons may be transferred to dioxy-
gen via a putative oxidase in the thylakoids. Dark re-
duction of plastoquinone in sunflower leaves is inhib-
ited by rotenone and stimulated by carbon monoxide,
an inhibitor of cytochrome c oxidase in mitochondria
(Feild et al., 1998). Recently, the presence of a quinol
oxidase, whose structure is similar to that of the al-
ternative oxidase in mitochondria, has been shown to
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be present in thylakoid membranes of plants (for re-
view, see Nixon, 2000; Peltier and Cournac, 2002). Pro-
tease treatment of thylakoid membranes degrades the
IMMUTANS polypeptide, the alternative oxidase in
thylakoids, suggesting that this oxidase faces the stro-
mal side (Lennons et al., 2003). Thus, the oxidase can-
not generate a proton gradient across the thylakoid
membranes, but may function to dissipate excess elec-
trons from the plastoquinone pool to oxygen in order
to avoid over-reduction.

III. The Water-Water Cycle

A. Reaction Sequence and Stoichiometry of
the Water-Water Cycle

The water-water cycle in the chloroplast is a process
of photoreduction of one molecule of dioxygen to two
molecules of water at the reducing side of PS I by four
electrons generated in PS II from two molecules of wa-
ter (Asada, 1996,1999). Therefore, no net change of
oxygen apparently occurs, and this cycle can be di-
rectly observed only using 18O2 or H18

2 O2 in algal cells
(Radmer and Kok, 1976; Miyake et al., 1991) or intact
chloroplasts (Asada and Badger, 1984). Thus, the over-
all stoichiometry of the water-water cycle is as follows:

2H2
16O →16O2 + 4e− + 4H+ (PSII)

18O2 + 4e− + 4H+ → 2H2
18O (PSI)

where, e− represents reducing equivalents. The whole
sequence of reactions and participating enzymes in-
volved in the water-water cycle are summarized in
Table 2.

Allocation of the reducing equivalents generated in
PS II to either the major pathway of the Calvin cycle
or the water-water cycle occurs at PS I, where the elec-
trons univalently reduce dioxygen in the water-water
cycle (reactions 1 and 2) or NADP+ via Fd in the ma-
jor pathway. Superoxide anion radicals (O−

2 ) produced
by the univalent reduction of dioxygen are then dis-
proportionated to oxygen and hydrogen peroxide via
superoxide dismutase (SOD)-catalyzed reaction (reac-
tion 3), and the hydrogen peroxide is reduced to water
by ascorbate (AsA) via ascorbate-specific peroxidase
(reaction 4). The primary oxidation product of this reac-
tion, monodehydroascorbate radical (MDA), is reduced
to ascorbate by either redFd or NADPH via MDA re-
ductase (reaction 5). When MDA fails to be reduced to
ascorbate via reaction 5, MDA radicals spontaneously
disproportionate to dehydroascorbate (DHA) and AsA

(reaction 6). Subsequently, DHA is reduced back to
AsA by GSH via DHA reductase (reaction 7). Half of
the electrons from two molecules of water (reaction
1) are used in the reduction of dioxygen to superox-
ide radicals (reaction 2), and the remaining half for the
regeneration of AsA as the reducing equivalents (reac-
tion 8). In either reducing routes via MDA and DHA,
two electrons are required for the regeneration of one
molecule of AsA using either redFd, NADPH, or GSH.

The water-water cycle, involving the reactions
shown in Table 2, is present in chloroplasts of plants
and eukaryotic algae. These photosythetic organisms
are able to synthesize ascorbate, but cyanobacteria are
not. H18

2 O2-experiments in cyanobacteria, however, in-
dicate the operation of the water-water cycle (Miyake
et al., 1991; Miyake and Asada, 2003). In cyanobac-
teria, however, the role of ascorbate peroxidase in the
water-water cycle of plants (reaction 4) is replaced by
thioredoxin peroxidase, which reduces hydrogen per-
oxide with reduced thioredoxin (H. Yamamoto et al.,
1999). Reduced thioredoxin is photoproduced in PS I
by redFd via Fd-thioredoxin reductase.

The molecular and enzymatic properties of the en-
zymes participating in the water-water cycle have been
characterized (Asada, 1999). For detailed physico-
chemical properties of ascorbate peroxidase as a family
of heme peroxidases, see Raven (2003). Chloroplastic
and cytosolic isoforms of ascorbate peroxidase, SOD,
and MDA reductase have been found. In chloroplasts,
ascorbate peroxidase occurs in the thylakoid-bound and
stromal forms (Miyake et al., 1991), and these isoforms
arise from a common pre-mRNA for the chloroplastic
isoform by alternative splicing (Yoshimura et al., 1999).
In Arabidopsis, the ascorbate peroxidase, monodehy-
droascorbate reductase, and glutathione reductase are
also found in mitochondria, where they would function
to scavenge ROS via a similar mechanism as in the
water-water cycle of chloroplasts except for the elec-
tron donors. These enzymes are produced via differen-
tial transcripts from respective single genes and have
been shown to be targeted to mitochondria and chloro-
plast stroma (Obara et al., 2002; Chew et al., 2003).

B. Characteristics of the Water-Water Cycle

The overall reaction of the water-water cycle is the re-
duction of oxygen by electrons derived from water.
Through this pathway, electron flow from PS II to
PS I and generation of the proton gradient across the
thylakoid membranes are allowed to continue even in
the absence of an electron acceptor of PS I, e.g. un-
der CO2-deficiency and/or excess photons. Thus, the
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Table 2. Reaction sequence of the water-water cycle in chloroplasts and the participating enzymes in the cycle.

Reaction (enzyme) Reaction

1) Photooxidation of water in PS II 2 H2O → O2 + 4 H+ + 4e−
2) Photoreduction of oxygen in PS I 2 O2 + 2 e− → 2 O2

−
3) Disproportionation of superoxide (Superoxide dismutase) 2 O2

− + 2 H+ → O2 + H2O2

4) Reduction of hydrogen peroxide by ascorbate (Ascorbate
peroxidase)

H2O2 + 2 AsA → 2 H2O + 2 MDA

5) Regeneration of AsA from MDA
Spontaneous reduction of MDA by redFd 2 MDA + 2 redFd → 2 AsA + 2 Fd

Reduction of MDA by NAD(P)H (MDA reductase) 2 MDA + NAD(P)H → 2 AsA + NAD(P)+
6) Spontaneous disproportionation of MDA 2 MDA → AsA + DHA
7) Regeneration of AsA from DHA

Reduction of DHA by GSH (DHA reductase) DHA + 2 GSH → AsA + GSSG
8) Generation of Reducing Eq. for reduction of MDA and DHA

Photoreduction of Fd in PS I 2 Fd + 2 e− → 2 redFd
Photoreduction of NADP+ in PS I via Fd (Fd-NADP+
reductase)

NADP++ H++ 2 redFd → NADPH

Reduction of GSSG by NADPH (Glutathione reductase) GSSG + NADPH → 2 GSH + NADP+

AsA: ascorbate; MDA: monodehydroascorbate; DHA: dehydroascorbate; GSH: reduced glutathione; GSSG: oxidized glutathione;
Fd: ferredoxin.

water-water cycle is able to produce ATP, but not
NADPH, which is similar to the cyclic electron flow
around PS I. Furthermore, the generation of a proton
gradient across the thylakoid membranes makes it pos-
sible to dissipate excess photon energy as heat via the
down regulation of PS II under excess light.

In contrast to cyclic electron flow, the intermediates
of oxygen reduction are very reactive and, therefore,
dangerous molecules for chloroplasts. To avoid dam-
age by the reactive reduced species of oxygen, the reac-
tion rates of the disproportionation of superoxide, the
reduction of the resulting hydrogen peroxide to water,
and the regeneration of AsA from MDA (reactions 3, 4,
and 5) are several orders of magnitude higher than the
rate of superoxide anion production in PS I (reaction 2,
Table 2). Thus, the limiting step of the water-water cy-
cle is the reduction of oxygen to form superoxide at PS
I (reaction 2); its maximum half time is 5 ms−1, even
if all the electrons from PS II flow to dioxygen, but the
half time for the SOD-catalyzed disproportionation of
superoxide (reaction 3) is simulated to be 0.07 ms−1

(Asada 1996, 1999), as estimated from the reaction rate
constant (2 × 109 M−1 s−1) between superoxide and
SOD and the local concentration of SOD on the PS I
complex (1 mM). The simulation shows similar high
rates for the reduction of hydrogen peroxide (reaction
4). Whole flux of the water-water cycle in chloroplasts
has been simulated by Polle (2001).

These high rates of ROS scavenging are attained
by nearly diffusion-controlled reaction rates of the re-
spective enzymes with either superoxide or hydrogen
proxide, and also by microcompartmentation of these
enzymes at high concentrations at the PS I complex

of thylakoids as the site of the generation of superox-
ide. The chloroplastic isoform of SOD attaches on the
PS I complex of the thylakoid membrane (K. Ogawa
et al., 1995), and about half of the ascorbate perox-
idase of chloroplasts occurs in the thylakoid-bound
form in the vicinity of the PS I complex (Miyake et al.,
1993). Actually, operation of the Water-water cycle in
intact chloroplasts is largely retarded by disorganiza-
tion of the microcompartmented system with an os-
motic shock (Asada and Badger, 1984). Rapid dispro-
portionation of superoxide and reduction of hydrogen
peroxide shorten the life times of these intermediates,
and do not allow diffusion of superoxide and hydro-
gen peroxide to target molecules in the chloroplasts,
thus resulting in protection from damage by ROS. The
very short life times of both superoxide and hydrogen
peroxide give little chance to generate the highly re-
active hydroxyl radical (· OH) via the transition metal
(Mn+)-dependent Harber-Weiss or Fenton reaction;

H2O2 + Mn+ → � OH + OH− + M(n+1)+

M(n+1)+ + O2
− → Mn+ + O2,

where, Mn+ represents either Fe2+ or Cu+.

The occurrence of the water-water cycle even in
cyanobacteria (H. Yamamoto et al., 1999) suggests that
the effective scavenging system of ROS was acquired
by photosynthetic organisms at very low concentra-
tions of atmospheric oxygen, at least 3 billion years
ago, when cyanobacteria evolved. Without this system,
cyanobacteria may not have survived, because the cells
would have been damaged by ROS derived from the
oxygen they themselves produced (Asada, 2000).
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C. Target Molecules of Reactive Oxygen
Species in Chloroplasts

Under conditions where the water-water cycle can-
not operate properly or light intensities are too high
for CO2-fixation, hydrogen peroxide would accumu-
late in chloroplasts. Several enzymes in chloroplasts
are sensitive to hydrogen peroxide and would be target
molecules of ROS. Ascorbate peroxidase is very sensi-
tive to hydrogen peroxide at very low concentrations in
the absence of AsA, because the reaction intermediate
of the enzyme with H2O2, Complex I, is very labile
(Miyake and Asada, 1996). When the concentration of
hydrogen peroxide is increased and ascorbate is oxi-
dized in chloroplasts by administration of paraquat in
illuminated leaves, ascorbate peroxidase is primarily
inactivated prior to other enzymes (Mano et al., 2001).
Thus, the H2O2-scavenging enzyme ascorbate perox-
idase itself is the primary target of H2O2, and would
enhance a leak of ROS from the water-water cycle.

Several enzymes in the Calvin cycle, such as fruc-
tose 1, 6-bisphosphatase, glyceraldehyde 3-phosphate
dehydrogenase, ribulose 5-phosphate kinase, and sedo-
heptulose 1, 7-bisphosphatase, are inactivated by hy-
drogen peroxide due to the oxidation of the functional
sulfhydryl groups of the enzymes in intact chloro-
plasts (Kaiser, 1976). Inactive, disulfide forms of the
above enzymes recover their activities via reduction
to the sulfhydryl forms by reduced thioredoxin. The
hydroxyl radical produced by the interaction of super-
oxide with hydrogen peroxide, catalyzed by transition
metal ions, initiates the degradation of the large sub-
unit of Rubisco (Mehta et al., 1992; Ishida et al., 1997,
1998). The inactivation of the Calvin cycle enzymes
should lower the capacity of CO2-fixation, resulting in
a photon excess state even under weak light. Another
important target of hydroxyl radial and singlet oxygen
are polyunsaturated fatty acids and chlorophyll. The
propagation of lipid oxidation initiated by ROS can be
suppressed by tocopherol and also by thioredoxin per-
oxidase or glutathione peroxidase, which reduces lipid
peroxide to its alcohol. The ferredoxin-dependent glu-
tamate synthase in chloroplasts participating in pho-
torespiration is inactivated by ROS. Inactivation of this
enzyme suppresses dissipation of excess electrons via
photorespiration, and eventually induces photobleach-
ing of leaves (Kozaki and Takeba, 1996). In several
chilling-sensitive plants like cucumber, the PSI reac-
tion center is targeted by ROS at low temperatures
(Sonoike, 1996; Tjus, 2001).

An electronically excited species of ROS, singlet
oxygen, is thought to be generated in PS II un-
der acceptor-limiting conditions via interaction of

triplet excited reaction center chlorophyll (3P680+)
formed via recombination with ground state triplet
oxygen (3O2) (Hideg et al., 1998, 2000, 2001, 2002;
Y. Yamamoto, 2001). Singlet oxygen is deduced to be
involved in the light-induced breakdown of D1(PsbA)
polypeptides leading to photoinhibition of PS II (see
Nishiyama et al., Yokthongwattana and Melis, this
volume).

IV. Comparison between Cyclic Electron
Flow and the Water-Water Cycle in Terms
of Physiological Role

A. Dissipation of Excess Photons and
Electrons by Cyclic Electron Flow and the
Water-Water Cycle

Both the water-water cycle and cyclic electron flow
around PS I are able to generate a proton gradient across
the thylakoid membrane, and to produce ATP in asso-
ciation with this gradient. In the water-water cycle, the
electrons from PS II are consumed just for the reduction
of oxygen to water and are not stored as reducing equiv-
alent in the form of NADPH, and therefore the quantum
yield of ATP is lower than that of the cyclic electron
flow around PS I. The energy dissipating nature of the
water-water cycle is clearly understood when it is com-
pared with the respiratory electron flow in which three
coupling sites are involved in the oxidation of NADPH.
In other words, the water-water cycle can dissipate ex-
cess electrons from PS II and can more effectively dis-
sipate excess photon energy as compared with cyclic
electron flow around PS I.

Both systems can trigger the proton gradient-
dependent down-regulation of PS II quantum yield, and
allow dissipation of excess photons by uncoupling the
excitation energy transfer from antenna chlorophyll to
the reaction center chlorophyll. Charge recombination
within PS I under acceptor-limiting conditions has been
proposed as a system for dissipation of excess photons
(Barth et al., 2001), but its relation to the water-water
cycle is unclear. However, both can function as poten-
tial energy-dissipating systems in PS I, which has long
been neglected as compared with the well-studied en-
ergy dissipation in PS II.

In conclusion, although the cyclic electron flow
around PS I and the water-water cycle may share sim-
ilar physiological functions, it should be noted that the
cyclic electron flow is an energy conserving system
while the water-water cycle is an energy-dissipating
system. The redox potentials of the Z scheme and al-
ternative electron flow, including chlororespiration, are
compared in Fig. 2.
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Fig. 2. Redox potentials of the Z scheme, represented by black arrows, and alternative electron flow routes around PS I, represented
by gray arrows; cyclic electron flow, the water-water cycle, and alternative oxidase. The coupling sites are shaded gray. The two Qs,
in the middle of the scheme, stand for plastoquinone molecules, whereas the third Q on the right side of the diagram stands for what
others call A1 (or phylloquinone); b6 and f in the middle of the diagram are for cytochrome b6 and cytochrome f, respectively.

B. Physiological Role of Cyclic
Electron Flow

The very severe growth retardation of the double mu-
tant of pgr5 and ccr of Arabidopsis clearly indicates the
requirement for NDH and FQR-dependent cyclic elec-
tron flows for photosynthesis, as presented in section
IIB. Over-reduction of the intersystem electron carriers

found in this mutant indicates that linear electron flow
alone cannot generate an ATP/NADPH rate of 1.5 to
drive the Calvin cycle, and does not allow the �pH-
dependent down-regulation of PS II for suppression
of photoinhibition. The rates of ATP/NADPH produc-
tion as well as H+/ATP production in linear electron
transport (for a review, see Allen, 2002) must be re-
considered in light of this new finding. Cyclic activity
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has been shown to be controlled by the redox state of the
stroma (Harbinson and Foyer, 1991; Cornic et al., 2000;
Joët et al., 2002). A requirement of cyclic electron flow
for the closure or opening of stomata has been pro-
posed (Harbinson and Foyer, 1991; Heber, 2002). How-
ever, the clear difference in stromal redox level between
wild-type and the pgr5 mutant, even under mild growth
conditions where the stomata might remain open, sug-
gests an obligatory operation of the FQR-dependent
cyclic flow in the wild-type plants. Thus, cyclic flow
may operate under a wide range of environmental fluc-
tuations and may not require specific environmental
conditions or a specific stromal redox state.

C. Physiological Role of the
Water-Water Cycle

As stated above, there is no doubt that the primary func-
tion of the water-water cycle is the rapid and effective
scavenging of superoxide and hydrogen peroxide, re-
active intermediates of oxygen reduction, to suppress
their interactions with target molecules in chloroplasts.
Even when the electron flux rate for the reduction of
oxygen is below 10% of that for the linear flux, it is
estimated that ROS would inhibit CO2 fixation by in-
activation of the target molecules in chloroplasts within
several minutes if the water-water cycle did not operate
(Asada, 1999). As long as the water-water cycle oper-
ates properly and little ROS is released, this cycle is
an effective system to dissipate excess photon energy
in PS II and excess electrons in PS I. Actually, under
anaerobic conditions where the water-water cycle can-
not operate, photoinhibition is enhanced (Asada and
Takahashi, 1987; Park et al., 1996).

The electron flux through the water-water cycle
has been estimated by either photoreduction of 18O2

(Radmer and Kok, 1976; Miyake et al., 1991; Asada
and Badger, 1984) or by determination of the fate of
electrons generated in PS II by measurement of chloro-
phyll fluorescence (Miyake and Yokota, 2000; Makino
et al., 2002; Hirotsu et al., 2004). Electron flux through
the water-water cycle is generally high before the onset
of CO2-fixation upon illumination in algae and plants,
and then the flux is gradually decreased to its steady
state level accompanied by an increase to a plateau
level in CO2-fixation. Early during the induction of
CO2-fixation, nearly all of the electrons from PS II
pass through the water-water cycle and the rate of 18O2

uptake is the same as that of the oxygen evolution rate
in PS II, that is, O2 is the electron acceptor in place of
CO2 during the induction period of CO2-fixation (Rad-
mer and Kok, 1976). During this period, the proton

gradient through the thylakoid membranes is gener-
ally enhanced, as determined by the non-photochemical
quenching of chlorophyll fluorescence (Miyake and
Yokota, 2000; Makino et al. 2002). It has been supposed
that oxygen reduction at PS I allows the oxidation of
the intersystem electron carriers and supports efficient
operation of the cyclic electron flow (Heber, 2002).

At an O2concentration below 0.5%, where the water-
water cycle cannot operate, CO2-fixation is not pho-
toinduced and the stomata remain closed in maize
(Owaki and Asada, 2003). Once CO2-fixation is pho-
toinduced under aerobic conditions, the lowering of
oxygen concentration to a nearly anaerobic state does
not affect the CO2-fixation rate, indicating two possi-
bilities: either the water-water cycle can operate even
in an anaerobic atmosphere, using the oxygen gener-
ated by PS II, or the water-water cycle is not necessary
after photoinduction of the Calvin cycle. Thus, a large
flux of the electrons through the water-water cycle at
the induction or activation period of the CO2-fixation
cycle is inferred from the three functions of the water-
water cycle: 1) the dissipation of excess electrons from
PS II in PS I via the transfer to oxygen, 2) an increase in
the ratio of ATP/NADPH generated via the water-water
cycle for the activation of the Calvin cycle, and 3) dis-
sipation of excess photon in PS II via the generation of
the proton gradient prior to the start of CO2-fixation.
Furthermore, at least in maize, the water-water cycle
appears to be required for stomatal opening. The oxy-
gen requirement for photochemical quenching in the
chloroplasts of guard cells has been shown to produce
ATP for stomatal opening (Goh et al., 1999).

When activation of the Calvin cycle and steady state
CO2-fixation have been attained, the flux through the
water-water cycle is decreased to 10–30% (Asada,
2000), or below 10% of the total electron flux from PS II
(Foyer and Noctor, 2000; Badger et al., 2000), although
the level varies depending on the plant species and en-
vironmental conditions. Whether ATP production and
PS II control by the water-water cycle is physiologically
significant has been under debate (Osmond and Grace,
1995; Asada, 1999, 2000; Heber, 2002). Based on the
generally low electron flux rates observed under steady
state photosynthesis, Heber (2002) has proposed that
the water-water cycle does not contribute much to con-
trolling of PS II through the formation of a proton gradi-
ent across the thylakoid membranes. Even so, the water-
water cycle is indispensable for the rapid scavenging
of superoxide and hydrogen peroxide to protect plants
from photoinhibition due to ROS. Tobacco plants in
which expression of the key enzyme of the water-
water cycle, thylakoid-bound ascorbate peroxidase, is
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suppressed, appears to be lethal, but its overexpression
gives tolerance to photooxidative stress (Yabuta et al.,
2002). In Arabidopsis, cytosolic ascorbate peroxidase-
lacking plants causes accumulation of hydrogen per-
oxide indicating an importance to scavenge it in the
cytosol for protection from ROS damage (Pnueli et al.,
2003). Furthermore, the phenotype of Arabidopsis
in which the expression of thylakoid-attached CuZn-
SOD, another key enzyme of the water-water cycle, is
suppressed and the water-water cycle cannot operate,
is retarded growth and development, and such plants
show typical photoinhibition such as low CO2-fixation
and low chlorophyll content, even under mild condi-
tions (Rizhsky et al., 2003). These observations indi-
cate that the water-water cycle is essential to protect
photoinhibition even under mild growth conditions.

V. Perspectives

Genetic evidence for cyclic electron flows around PS I
has promoted our understanding of physiological func-
tions of the NDH- and FQR-dependent routes, and has
established that cyclic electron flows are essential for
photosynthesis and growth even under mild environ-
mental conditions. However, the following key com-
plexes participating in the mediation between the either
Fd or NAD(P)H and the plastoquinones have still not
been identified; 1) the subunits corresponding to bac-
terial and mitochondorial NAD(P)H-binding subcom-
plex of NDH in cyanobacteria, eukaryotic algae, and
plants, and 2) the redox component of putative FQR,
since PGR5 is supposed to be a component of the puta-
tive FQR complex, but does not have a redox domain as
a mediator between Fd and the plastoquinones. It is also
likely that the redox component of FQR is a compo-
nent of the cytochrome b/ f complex. Identification of
these components should reveal the redox mechanism
of cyclic electron flows, and possibly its regulation. For
this goal, biochemical isolation and characterization of
FQR- and NDH-complexes would be indispensable.

Requirement of two cyclic electron routes for nor-
mal photosynthesis has been well established, and their
possible functions are the adjustment of the photopro-
duction ratio of ATP and NADPH for CO2-fixation and
down regulation of PS II to dissipate excess photons.
However, the rates of NDH- and FQR-dependent cyclic
flows and that of the linear electron flow with and with-
out the Q-cycle are impossible to determine simultane-
ously under various environmental conditions. Kinetic
contribution of each route to fine adjustment of the
amounts of ATP and NADPH, their photoproduction

ratio, and down regulation of the quantum yield in PS
II via the proton gradient would provide basic data to
elucidate the interrelation between cyclic and linear
electron transports and their regulation.

The water-water cycle plays an essential role in scav-
enging of ROS immediately after its generation in PS
I, and biochemical and genetic evidence has supported
its role. In addition, the water-water cycle would play
a similar function to that of cyclic electron transport
around PS I as long as ROS is not leaked out from the
cycle. Apparently the electron flux through the water-
water cycle is high during induction period of CO2-
fixation and is lowered when CO2-fixation has attained
a steady state level. The maximum photoreduction rate
of oxygen by isolated thylakoid membranes could not
account for the electron flux through the water-water
cycle at the maximum rate, where nearly all of the elec-
tron flux through PS I is passed through the cycle.
Thus, the autooxidation of the thylakoid membrane-
bound components is not enough for high operation of
the water-water cycle, but stromal factors participate
in the enhanced reduction of oxygen. Fd and/or MDA
reductase (Miyake et al., 1998) has been assumed to
participate in the univalent reduction of dioxygen in
chloroplasts.
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Summary

In the last few years, it has become apparent that reactive oxygen species (ROS) have important roles as signaling
intermediaries in a large number of cellular processes, especially in relation to plants’ interactions with their
environment. A complex network of low molecular weight antioxidants, ROS scavenging enzymes, and enzymes
that maintain antioxidant pools are required to control the levels of ROS in all subcellular compartments. The
coordinated regulation of this network by ROS themselves and stress-associated hormones such as salicylic acid,
abscisic acid, and jasmonic acid reveals that antioxidant metabolism is central to considerations of how signaling
networks are regulated. Furthermore, it is becoming apparent that key antioxidants such as glutathione and ascorbate
are involved in the regulation of stress hormone-directed signaling pathways without any interaction with ROS.
Therefore ROS and antioxidants may be key points at which the coordination of different signaling pathways is
achieved. These issues are considered in this chapter.

I. Introduction

Plant growth, development, and reproduction all re-
quire the continual involvement of reactive oxygen
species (ROS; Pennel and Lamb, 1998). ROS is a col-
lective term for the reduction intermediates or elec-

Abbreviations: ABA – abscisic acid; ABI – ABA insensi-
tive gene (ABI1, ABI2, etc); APX – ascorbate peroxidase iso-
form (APX1, APX2, etc); APX – ascorbate peroxidase gene
(APX1, APX2, etc); CAT1 – catalase, peroxisomal isoform;
CAT – catalase gene (CAT1, CAT2, CAT3, etc); CBF1 –
CRT/DRE binding factor 1; CHS – chalcone synthase; CHS
– chalcone synthase gene; DHAR – dehydroascorbate reduc-
tase; γ -ECS – gamma-glutamylcysteine synthetase; EDS1 –
enhanced disease susceptibility 1 gene; ELIP2 – early light
induced protein 2 gene; ETR1 – ethylene resistant 1 pro-
tein; GR – glutathione reductase; GSH – reduced glu-
tathione; GSSG – oxidised glutathione (glutathione disul-
phide); GST – glutathione-S-transferase (GST1, GST2, etc);
GST – glutathione-S-transferase gene (GST1, GST2, etc); HR –
hypersensitive response; JA – jasmonic acid; LSD1 – lesion
simulating disease 1 protein; LSD1 – lesion simulating dis-
ease 1 gene; lsd1 – mutant form of LSD1; MAPK – mitogen-
activated protein kinase; MDHR – monodehydroascorbate
reductase; NADPH – nicotinamide adenine dinucleotide phos-
phate, reduced form; NPR1 – non-expressor of PR-1 1 pro-
tein; NO – nitric oxide; 1O2 – singlet oxygen, reactive form
of molecular oxygen (O2); 3O2 – triplet molecular oxygen,
which is the form normally referred to as O2; PAD4 – phy-
toalexin deficient 4 gene; PAL – phenyl(alanine)ammonia lyase;
PAL – phenyl(alanine)ammonia lyase gene; PCD – programmed
cell death; PP2C – protein phosphatase 2C; PR-1 – pathogen-
esis related protein-1 gene; RCD1 – runaway cell death pro-
tein (wild type); RCD1 – runaway cell death gene (wild type);
rcd1 – mutant form of RCD1; RNS – reactive nitrogen species;
ROS – reactive oxygen species; RuBisCo – ribulose bisphosphate
carboxylase/oxygenase; SA – salicylic acid; SAR – systemic ac-
quired resistance; SOD – superoxide dismutase; SOD – super-
oxide dismutase gene (SOD1, SOD2, etc); TGA-B-Zip – TGA
class basic leucine zipper transcription factor; vtc1 – vitamin C
deficient 1 mutant;

tronically excited forms of chemically relatively unre-
active triplet state molecular oxygen (3O2). These are
described in more detail in the chapters by Foyer et al.
and Endo and Asada (this volume), but include both
stable compounds (such as hydrogen peroxide [H2O2]
and fatty acid hydroperoxides), free radicals of dif-
fering stabilities and reactivity (e.g. superoxide anion,
the hydroxyl radical, lipid peroxy radicals), and sin-
glet oxygen (1O2), a more reactive state of O2. There is
an extensive literature on how these various ROS can
cause oxidative stress in plant cells, as in all aerobes,
by the oxidation of cellular macromolecules and struc-
tures. However, it is now recognized that ROS in plants
perform essential functions in diverse processes such
as growth and development, acclimation to the envi-
ronment, and establishing resistance to pathogens. The
positive roles for ROS can be divided into either direct
involvement in metabolic reactions or engagement in
signaling mechanisms.

The involvement of ROS in metabolism is well es-
tablished. Good examples are the numerous oxidases
or peroxidases that are important in the interconver-
sions of phenolic compounds, (poly)amines, ascor-
bate, and oxalate (Hiraga et al., 2001; Jansen et al.,
2001; Sebala et al., 2001). Oxidative cross-linking of
cells walls during normal growth and when challenged
with disease agents is an important process in the
life of plants (Bradley et al., 1992; Pennel and Lamb,
1998). However, it is the involvement of ROS as im-
portant components of signaling pathways that has at-
tracted considerable attention in recent years. This is
especially the case where such changes are associated
with or initiate programmed cell death (PCD) and/or
where other signaling molecules or phytohormones are
involved.

This chapter focuses on those molecules and their
associated signaling pathways that are affected by or
influence ROS levels and antioxidant metabolism.
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II. Signaling Networks and Cross-Talk

Inevitably, this chapter will consider the action of any
one particular signaling pathway and the involvement
of ROS in its function in controlling the expression of
antioxidant defenses. However, the reader should be
aware that it is best to think of a signaling network
that controls a wide range and often common set of re-
sponses of the cell to diverse environmental challenges.
The widespread analysis of signaling pathways has led
to the realization that there is considerable “horizontal”
interaction between them. Such “cross-talk” is now a
subject of intense scrutiny, especially in those labs us-
ing Arabidopsis as their experimental species. The ap-
plication of post-genomic techniques, such as the use of
microarrays and mutants, is adding to this impression
of a complex network of responses from the subcellular
to whole plant level. Such integrated “systems biology”
is seen by many as the way forward in studying plant-
environment interactions (Rhaikel and Coruzzi, 2003).
Added to this complexity is the problem of how plants
respond to multiple environmental challenges, which
is, of course, the norm for plants in their natural envi-
ronment. We have barely begun to scratch the surface of
how a response to multiple stresses is organized, but un-
doubtedly, it is why such signaling networks evolved.
Thus the reality of how signaling pathways integrate
their responses to environmental stimuli is akin to the
complex behavior of neural networks and attempts to
describe how such networks might operate are just be-
ginning (Genoud and Metraux, 1999).

A. Antioxidant Networks

Wherever ROS are encountered in living cells, then
antioxidant-driven reaction(s) must be available to pre-
vent these reactive molecules from promoting oxida-
tive stress or carrying out inappropriate signaling. A
plethora of antioxidants is known, all of which are
worthy of individual study. However, it is likely that
the network of reactions is important in toto and pro-
vides comprehensive control of ROS in cells, rather
than the action of any single reaction. In this chap-
ter, it is this network of reactions, compounds, and en-
zymes that will be regarded as “antioxidant defenses”.
This requirement for an antioxidant network has come
to be appreciated from the many attempts to geneti-
cally engineer resistance to oxidative stress using sin-
gle genes encoding an enzyme of ROS or antioxidant
metabolism. These approaches, for the most part, did
not have any lasting value (Mullineaux and Creissen,
1999).

Such networks of reactions and interconversions
have three features in common. First, they have one
or more low molecular weight antioxidants (eg. glu-
tathione, ascorbate, or α-tocopherol; Fig. 1). Second,
they have enzymes that directly scavenge ROS, either
by catalyzing disproportionation reactions (e.g. cata-
lases and superoxide dismutases; Fig. 1) or through
reduction reactions using low molecular weight antiox-
idants as electron donors (e.g. glutathione peroxidases
or ascorbate peroxidases). Third, a network of linked
enzyme-catalyzed reactions that maintain antioxidant
compounds in their reduced form (e.g. glutathione re-
ductase, violaxanthin deepoxidase).

The first antioxidant network to be proposed for
plants was the ascorbate-glutathione cycle of the
chloroplast stroma (Fig. 1; Foyer and Halliwell, 1976;
Foyer and Mullineaux, 1994; Asada, 1999). While
the individual enzyme components described in the
ascorbate-glutathione cycle still receive a consider-
able amount of attention (e.g. superoxide dismutase
and ascorbate peroxidase isoforms), it is now apparent
that many more complex schemes exist that involve
a wider range of enzymes and molecules. These net-
works would now include the movement of antioxidant
compounds by specific transporters between and within
cells and the use of membrane-spanning redox cou-
ples (for an example, see Fig. 2) (Polle, 1997; Jimenez
et al., 1997; Jamai et al., 2000; Horemans et al., 2000;
Foyer and Noctor, 2001). Such networks have been
described for a range of tissues and organs, includ-
ing photosynthetic tissues of leaves, developing em-
bryos, roots, ripening fruits, and germinating seeds
(Jimenez et al., 2002). In addition to the ascorbate
glutathione cycle, further compounds, proteins, and
enzymes have since been demonstrated to be impor-
tant contributors to antioxidant defenses. These include
potent antioxidant phenolic compounds (Gray et al.,
1997; Grace and Logan, 2000; Horemans et al., 2000),
small protein molecules such as (2-cys)peroxiredoxins,
glutaredoxins, and thioredoxins (Meyer et al., 1999;
Horling et al., 2003), enzymes that turn out to have po-
tent ROS-scavenging potential such as glutathione-S-
transferases/peroxidases (Marrs, 1996; Cummins et al.,
1999), and the repair of oxidatively damaged pro-
teins such as peptide methionine sulfoxide reductases
(Bechtold et al., 2004).

B. Coordinated Regulation of
Antioxidant Defenses

Whatever the precise configuration of antioxidant de-
fenses in particular subcellular compartments or tissues
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Fig. 1. An example of an antioxidant network. The ascorbate-glutathione cycle, which has been suggested to operate in several
subcellular compartments (after Foyer and Halliwell, 1976; Foyer and Mullineaux, 1994; Jimenez et al., 1997). Reactive oxygen
species, such as superoxide (O2

−) and hydrogen peroxide (H2O2), are reduced to water by the concerted action of superoxide
dismutases (SOD) and ascorbate peroxidase (APX). APX-catalysed reactions require ascorbate as the electron donor. Ascorbate is
regenerated by reduction of either the monodehydroascorbate free radical, catalyzed by monodehydroascorbate reductase (MDHAR),
or, after its dismutation to dehydroascorbate (dotted line), by dehydroascorbate reductase (DHAR). DHAR uses reduced glutathione
(GSH) as its electron donor and the resulting oxidized glutathione (glutathione disulphide; GSSG) is re-reduced in a glutathione
reductase (GR)-catalyzed reaction.

may be, the very existence of such networks suggests
that a degree of coordinate regulation should occur.
This would allow the adjustment of defenses through-
out the life of the plant and in response to various
environmental stimuli. Three reasons for modulating
antioxidant defenses can be discerned:

� A requirement for a general increase in the activity
of many components of the antioxidant network.
This would be in response to an increase in the
potential for cellular oxidative stress provoked by
one or more environmental challenges.

� A down-regulation of antioxidant defenses under
conditions where a localized increase in ROS con-
centrations is required.

� Reconfiguration of the antioxidant network as part
of plant development or in acclimation to long term
changes in the environment. This means that the
activity of some components of the network will
decrease while others increase.

1. Coordinated Up-Regulation of the
Antioxidant Network

Much of the earlier literature focused on the response of
multiple components of antioxidant defenses in plants
suffering traumatic oxidative stress and bear out this
notion of coordinated regulation of an antioxidant net-
work (Foyer and Mullineaux, 1994; Noctor and Foyer,
1998; Asada, 1999). The activities of enzymes, lev-
els of various antioxidants, and control at the levels
of translation, RNA turnover, and de novo transcrip-
tion have been described for the regulation of antiox-
idant defenses under these severe stresses. The above
reviews provide many individual examples of the types
of control on the expression of genes of the antioxidant
network.

Investigations of global transcription (using microar-
rays) in response to oxidative stress, such as that caused
by treatment of cells with hydrogen peroxide (Desikan
et al., 2000), exposure of leaves to excess light (Rossel
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Fig. 2. An example of an antioxidant network spanning subcellular compartments. The regeneration of ascorbate (Asc) at the plasma
membrane (PM; after Horemans et al., 2000). Asc is either directly re-reduced by a b-type cytochrome-mediated electron transfer
(cyt b) or by the action of a cytoplasmic NADH-MDHA oxidoreductase (R). Alternatively, MDHA disproportionates to Asc and fully
oxidized dehydroascorbate (DHA; broken line). The extracellular DHA is transported to the cytosol where it is re-reduced by DHA
reductase (DHAR), using reduced glutathione (GSH) as the electron donor. The oxidized glutathione (GSSG) is, in turn, re-reduced
by a glutathione reductase (GR) at the expense of NADPH. In addition, the plasma membrane ASC-DHA carrier is hypothesized to
operate as an exchange carrier, thus keeping extracellular Asc levels constant. Both the figure scheme and part of the legend have
been reproduced from Horemans et al. (2000) by kind permission of the publishers (Elsevier).

et al., 2002), or as a consequence of the deletion of a
key enzyme of ROS metabolism (Pneuli et al., 2003),
confirm that coordinated regulation of the antioxidant
network is the norm. Nevertheless, it is also clear that
such changes in the expression of genes encoding com-
ponents of the antioxidant network occur alongside ef-
fects on the expression of often several hundred genes,
only a proportion of which are implicated in defense
responses in the broadest definition of the term.

2. Down-Regulation of the Antioxidant
Network; Evidence from Lesion
Mimic Mutants

The hypersensitive response (HR) leading to systemic
acquired resistance (SAR) to certain pathogens is as-
sociated with an increase in the production of ROS. In
this well-researched example, superoxide is generated
via the action of plasma membrane-bound respiratory-
burst oxidases at the site of lesion formation (Doke,
1985; Bestwick et al., 1997; Grant and Loake, 2000;
Yoshika et al., 2003). Superoxide can then rapidly
lead to production of hydrogen peroxide, via enzyme-
catalyzed or spontaneous dismutation. In addition, cell
wall peroxidases (Bolwell et al., 2002), and possibly ox-
alate and (poly)amine oxidases (Allan and Fluhr, 1997;

Hu et al., 2003; Yoda et al., 2003), have also been named
as sources of ROS for HR and establishment of resis-
tance to certain pathogens.

In addition to ROS production, and of more rele-
vance to this chapter, there could arguably be a down-
regulation of expression of key enzymes of the antioxi-
dant network which would point to coordinated control
and therefore cross-talk between pathways. A good ex-
ample of this concept may be the mode of action of
LSD1. The prefix “LSD” means “lesion simulating dis-
ease” and refers to the way in which the gene was first
identified in Arabidopsis. The mutant lsd1 is one of
a number of so-called lesion mimic mutants identi-
fied in several plant species that either show sponta-
neous but discrete HR-like lesions when not exposed
to a pathogen, or lethal, spreading, uncontrolled lesion
formation under non-permissive conditions. Such envi-
ronmental conditions include a change in the light envi-
ronment, exposure to an avirulent pathogen, or to ozone
(Dietrich et al., 1994; Bowling et al., 1997; Gray et al.,
1997; Takahashi et al., 1999; Overmyer et al., 2000;
Devadas et al., 2002). LSD1 is a regulatory protein
containing a zinc finger and likely a transcription fac-
tor (Dietrich et al., 1997). LSD1 may control superox-
ide levels by modulating the expression of SOD genes
(Kleibenstein et al., 1999). Superoxide is a key ROS
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for the initiation of cell death processes that constitute
the basis of the HR (Jabs et al., 1996). Thus LSD1 can
be regarded as controlling superoxide levels by deter-
mining the activity of SOD gene expression and this, in
turn, would determine whether superoxide attains lev-
els that would trigger programmed cell death, which
is associated with HR lesion formation (Kleibenstein
et al., 1999). More recently, LSD1 has been shown to
regulate the expression of CAT1, encoding peroxisomal
catalase. This was revealed by studies on the inability
of the lsd1 mutant to acclimate to high light or long
photoperiods that is caused by a reduced ability to deal
with photorespiratory-derived H2O2. LSD1-mediated
control of catalase activity would modulate increased
ROS production arising from the photorespiratory cy-
cle in the peroxisome. The light dependency of the
propagation of HR lesions (Dietrich et al 1994), but
not their initiation, may indicate that photorespira-
tory cycle-derived ROS can be recruited for cell death
processes in foliar tissue. How LSD1 controls ex-
pression of SODs and catalase is not known, but
one clue may be from tomato plants that ectopically
express the Arabidopsis CBF1 transcription factor,
which results in over-expression of CAT1 (Hsieh et al.,
2002). Perhaps, LSD1 exerts its control over ROS
metabolism by influencing the expression of CBF tran-
scription factors, which are known to be important
in a range of abiotic stress responses (Thomashaw,
1999).

Similar conclusions can be drawn from the study of
mutants and transgenic plants that are suppressed in
the expression of components of antioxidant defenses.
The best studied example is the suppression of CAT1
expression in transgenic tobacco plants. These plants
develop light intensity-dependent spreading chlorosis
on their leaves (Changmonnpol et al., 1996; Willekens
et al., 1997; Mittler et al., 1999; Dat et al., 2003). This
phenotype is caused by failure of such plants to scav-
enge photorespiratory cycle-produced H2O2, which
then triggers the expression of a wide range of defense
genes associated with pathogen infection.

The ozone-hypersensitive mutant rcd1 (runaway cell
death 1; Overmyer et al., 2000) exhibits a clearly per-
turbed ROS metabolism in which, as in lsd1, the spread-
ing lesion phenotype is again triggered by superoxide.
The authors argue that the rcd1 phenotype is not caused
by a down-regulation of antioxidant defenses, but by
a perturbation in pathogen defense gene expression.
The hormones ethylene and jasmonic acid (JA) drive
and inhibit superoxide-dependent lesion formation, re-
spectively, and it is suggested that in wild type plants, at
least some of the signaling actions of these hormones

may be mediated by ROS. Furthermore, RCD1 (for
runaway cell death protein) was shown to be a negative
regulator of ethylene biosynthesis, leading to the no-
tion of feedback loops for the regulation of cell death
processes in which superoxide plays a prominent part
(Overmyer et al., 2000; Mattoo and Handa, 2004). This
negative regulation of ethylene biosynthesis by RCD1
could be an indirect effect of the latter’s central role
as a regulator of ROS homeostasis. This is because it
has been suggested that ethylene can arise by the direct
non-enzymatic action of some ROS on fatty acids and
methionine. Therefore, an indirect effect of rcd1 would
be to influence this alternative route for the production
of ethylene (Mattoo and Handa, 2004).

An inspection of the rcd1-sensitive defense genes,
induced by ozone in the mutant and wild type plants,
show that at least 4 genes (CAT1, CAT3, GST1, and
GST2) encode products that can metabolize ROS and
glutathione. This indicates that some of the processes
related to superoxide function and hormone signal-
ing may influence, and be influenced by, both ROS
and glutathione metabolism and RCD1 plays a role
in these processes. This is in keeping with more di-
rect effects on antioxidant metabolism that can also be
seen in other lesion mimic mutants, which again in-
dicates how antioxidant metabolism must cut across
several stress-associated processes. For example, the
maize light-sensitive lesion mimic mutant lethal spot 1
(lls1) encodes a defective oxygenase perhaps involved
in maintaining phenolic antioxidant pools (Gray et al.,
1997).

III. Reactive Oxygen Species
(ROS)-Mediated Signaling

As considered above, ROS signaling may make a sig-
nificant contribution towards bringing about wholesale
changes to antioxidant defense gene expression. This
raises questions about how specificity of regulation of
antioxidant defenses is achieved in a ROS-driven sig-
naling network. One can logically consider a number
of means whereby such specificity could be achieved,
none of which are mutually exclusive. These include:

� The type of ROS used for signaling
� The source of ROS
� Dual or multiple signaling in which ROS is at least

one component

These will be the prime considerations here, but ROS-
derived signaling may also be transduced by a complex
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cascade of protein kinases that elicit changes in the ex-
pression of a network of antioxidant defenses (Kovtun
et al., 2000; Zhang and Klessig, 2001; Moon et al.,
2003). It is not the intention in this chapter to describe
this aspect of signaling.

A. The Type of ROS

H2O2 is well established as specifically induc-
ing changes in antioxidant defense gene expression
(Alvarez et al, 1998; Banzet et al., 1998; Karpinski
et al., 1999; Wisniewski et al., 1999; Desikan et al.,
2000; Kovtun et al., 2000; Dat et al., 2003; Fryer et al.,
2003; Pneuli et al. 2003). Similarly, both superoxide
and 1O2 have been suggested to induce specific genes,
including antioxidant defense genes such as GSTs (Jabs
et al., 1996, Wisniewski et al., 1999; op den Camp et al.,
2003).

1. Oxylipin Signaling

The ROS arising directly from O2 give rise to a wide
range of lipid peroxidation products through non-
enzyme catalyzed oxidation reactions. These products
are highly reactive and volatile electrophilic species,
the most prominent of which are the cyclopentenone
isoprostanes. These compounds are more reactive than
other lipid peroxidation products and have been pro-
posed to act as signaling molecules and to activate ex-
pression of a range of defense genes including those
encoding GSTs (Vollenweider et al., 2000, Almeras
et al., 2003, Thoma et al., 2003). In addition to the non-
enzymatic-oxidation products of fatty acids, oxylip-
ins are also synthesized which involves the action of
lipoxygenase-catalyzed production of specific chiral
forms of fatty acid hydroperoxides (Schaller, 2001).
Oxylipins, specifically, have been convincingly impli-
cated in signaling in cell death responses to the elicitor
cryptogein, a process that might be initiated by H2O2

(Rusterucci et al., 1999). Furthermore, 1O2 may elicit
its signaling via the formation of a stereospecific iso-
mer of hydroxyoctadecatrienoic acid, a peroxidation
product of linolenic acid. This possibly implicates an
enzyme-catalyzed reaction in the formation of this 1O2-
initiated signal (op den Camp, 2003).

B. The Source of ROS

The site in the cell at which ROS are generated might be
responsible for initiating specific signaling pathways.
The production of H2O2 or superoxide at the plasma
membrane from NADPH oxidases, peroxidases, or

(poly)amine oxidases (Doke, 1985; Jabs et al., 1996;
Allan and Fluhr, 1997; Bestwick et al.; 1997; Bolwell
et al., 2002; Yoda et al., 2003; Yoshioka et al., 2003)
seems to be important for initiating defense responses
against pathogens and is associated with HR-mediated
cell death. Similarly, ozone fumigation causes produc-
tion of a cocktail of ROS in the apoplast, initiating
signaling responses very similar to those associated
with the HR (Schraudner et al., 1998; Overmyer et al.,
2000; Langebartels et al., 2002). The sources of ROS
for ABA-mediated closure of stomata and lateral root
hair development in Arabidopsis also have been shown
to be plasma membrane-associated NADPH oxidases
(Murata et al., 2001; Kwak et al., 2003; Foreman et al.,
2003).

The chloroplast is a major source of cellular ROS
from at least three distinct processes. One process is the
light-mediated over-excitation of chlorophyll leading
to the formation of 1O2 at photosystem II (Fryer et al.,
2003, op den Camp et al., 2003). A second process
involves the Mehler reaction at photosystem I in
which O2 is reduced to ROS directly by photosynthetic
electron transport (Asada, 1999; Badger et al., 2000;
Ort and Baker, 2002). Finally, in photorespiration,
the recycling of phosphoglycollate, formed by the
oxygenase reaction of RuBisCo, leads to substantial
production of H2O2 by a peroxisome-located glycollate
oxidase (Willekens et al., 1997; Douce and Neuberger,
1999). The increases in foliar ROS associated with a
large number of biotic and abiotic stresses may be a
direct consequence of limiting photosynthetic carbon
metabolism. This can be achieved by inhibiting the
Calvin cycle through chilling or heat stress, or causing
the closure of stomata by drought stress, wounding,
or pathogens, thus limiting the supply of CO2 for
photosynthesis (Long et al., 1994; Asada, 1999; Ort
and Baker 2002). Under these conditions, there will
be increased activity of both the Mehler reaction and
the RuBisCo oxygenase reaction, leading to increased
ROS production. Hydrogen peroxide derived during
the Mehler reaction has been strongly implicated in the
regulation of APX2 expression in bundle sheath cells
of Arabidopsis leaves under excess light stress and in
wounded leaves (Fryer et al., 2003; Chang et al., 2004),
although H2O2 from photorespiration was ruled out,
despite a closure of stomata in response to this stress.

1. Problems of Specificity

Whatever the subcellular source of ROS, the prob-
lem arises of how the specificity of a signal is main-
tained and can be distinguished from the same type
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of ROS coming from some other location in the cell.
A good illustration of these questions comes from the
signaling role of H2O2 produced in the chloroplast that
drives induction of APX2 (and presumably other an-
tioxidant defense genes). The problem is how, once out-
side the chloroplast, can H2O2 be distinguished from
that produced from any other source (Mullineaux and
Karpinski, 2002)? The closure of stomatal guard cells
involves the action of ROS (Pei et al., 2000) and, in
at least one case, a photosynthetic electron transport-
derived signal has been implicated (Zhang et al., 2000).
These considerations are of broad relevance to under-
standing chloroplast-to-nucleus signaling (Rodermel,
2001; Mullineaux and Karpinski, 2002; Surpin et al.,
2002). If the single ROS signal hypothesis in this case
is to be accepted, then one has to propose that H2O2

produced from the Mehler reaction (for example) must
be converted to some more specific signal either before
or during its exit from the chloroplast. Such a signal is
unknown but could involve trans-membrane electron
transport chains (Jägger-Voterro et al., 1997; Murata
and Takahashi, 1999).

Specificity for signaling has been suggested for
ROS coming from the peroxisome of catalase-deficient
plants (Willekens et al., 1997). The amount of H2O2

produced via photorespiration is substantial and the
failure to scavenge it in the peroxisome leads to its
diffusion into the cytosol. This was suggested to ini-
tiate signaling leading to induction of defense gene
expression. Similarly, in response to fungal elicitors,
ROS accumulates in the cytosol of tobacco epidermal
cells, possibly originating from one of several subcellu-
lar locations and would lead to defense gene activation
(Allan and Fluhr, 1997). ROS produced in mitochon-
dria may be important in cell death responses in ozone-
fumigated birch (aspen) and, therefore, it remains pos-
sible that ROS from this organelle are involved in
signaling (Pellinen et al., 1997). Levels of transcripts
encoding mitochondrial Mn-SOD were shown to rise
substantially in tobacco suspension culture cells upon
stimulation of their respiration by sucrose loading
(Bowler et al., 1991). Such cells suffered oxidative
stress, so it was suggested that ROS originating in mito-
chondria induced antioxidant defenses specifically for
that organelle.

In conclusion, while ROS are generated in just about
every subcellular compartment and enter the cell from
external sources, it is difficult to see how specificity of
signaling could be maintained, unless specific signaling
is established very close to the point of production.
There may be “receptors” for ROS that convert this
signal into something more specific. Such a role has

been suggested for the putative lipases encoded by the
Arabidopsis EDS1 and PAD4 genes that may integrate
ROS signals generated from the oxidative burst at the
plasma membrane in response to attempted infection
by certain pathogens (Rusterucci et al., 2001).

C. Dual Signaling with ROS

A further specificity could be imposed on ROS-
mediated signaling if ROS did not act alone to control
antioxidant defense gene expression. Possible exam-
ples of dual signaling are as follows.

1. Signals from Photosynthetic
Electron Transport

In relation to antioxidant defense gene expression, sig-
nals originating directly from redox changes associ-
ated with photosynthetic electron transport under light
stress conditions could provide a high degree of speci-
ficity (Mullineaux and Karpinski, 2002). Data from
studies with inhibitors of photosynthetic electron trans-
port led to the suggestion that expression of APX2 and
APX1 of Arabidopsis could be regulated by signals ini-
tiated by changes in the redox state of the plastoquinone
pool (Karpinski et al., 1997; 1999). A similar conclu-
sion, i.e. that the redox state of the plastoquinone pool
and other components of the photosynthetic electron
transport chain may initiate signaling to the nucleus,
comes from several studies. These include the expres-
sion of genes of carotenoid biosynthesis and turnover
in the green alga Haematococcus pluvialis, expression
of ELIP2 in Arabidopsis, and expression of a nitrate
reductase gene in duckweed and Arabidopsis (Kimura
et al., 2003; Sherameti et al., 2003; Steinbrenner and
Linden, 2003). Thus, a signal derived directly from
photosynthetic electron transport may accompany an
increase in ROS production from the same source, cre-
ating a dual signal. However, there are alternative ex-
planations, and it is far from proven that plastoquinone
is directly implicated in the regulation of nuclear gene
expression (Fryer et al., 2003).

2. ROS and Calcium

Increases in intracellular Ca2+ have been observed for a
wide range of biotic and abiotic stress responses that
also bring about increases in ROS. There is consid-
erable evidence to suggest that calcium, like ROS,
can act as a major convergence point for signaling.
Its association with hormones such as ABA and ethy-
lene underscore this potential role. Many of the issues
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concerning specificity of ROS signaling are the same
for calcium. The rate of mobilization from different
internal stores, via a range of membrane-spanning
ion channels, and the type of calcium “signature”
produced (sustained, transient, single peak, waves, or
oscillations) are important. Therefore, this controlled
release and the spatial localization within cells can
provide specificity (Bowler and Fluhr, 2000; Scrate-
Field and Knight, 2003). Little is known about how
calcium-mediated signal transduction is achieved, but
it certainly involves a network of calcium-dependent
protein kinases, calcium sensors (such as the calmod-
ulins), and protein phosphatases such as the calcineurin
B-like proteins (Bowler and Fluhr, 2000; Cheong et al.,
2003; Gupta and Luan, 2003).

Oxidative stress responses in plants certainly involve
mobilization of calcium (Price et al., 1994; Bowler and
Fluhr, 2000; Scrate-Field and Knight, 2003), and cal-
cium and ROS have been placed in at least one signal
transduction pathway (Pei et al., 2000; Murata et al.,
2001). The combined signal integration that could be
achieved by ROS and Ca2+ may be much greater than
either achieve on their own, but how such a mechanism
might operate is still unknown (Bowler and Fluhr, 2000;
Scrate-Field and Knight, 2003).

3. ROS and Reactive Nitrogen Species

Nitric oxide (NO) is a reactive nitrogen species (RNS)
that has been strongly implicated in signaling for induc-
tion of defense responses against pathogens and closure
of stomata in response to drought (Delledonne et al.,
1998; Wendehenne et al., 2001; Neill et al., 2002). The
action of NO was recognized early on to act in tandem
with ROS, such that a combined NO/ROS signal has a
synergistic effect on the induction of defense gene ex-
pression. It is not clear whether this dual requirement is
a consequence of the formation of peroxynitrite from
ROS and NO, but it nevertheless illustrates how further
specificity can be imposed on ROS signaling.

IV. Reconfiguration of the Antioxidant
Network and the Regulatory Role
of Glutathione

There are numerous studies on a wide range of plant
species, both in the natural environment and under lab-
oratory conditions, showing that successful acclima-
tion is associated with changes in antioxidant defenses
(Rauser et al., 1991; De Vos et al., 1992; Walker and
McKersie, 1993; Chaumont et al., 1995; Kampfenkel

et al., 1995; Iturbe-Ormaetxe et al., 1998; Bruggemann
et al., 1999; Hernandez et al., 2000). During the life
of a plant, one may expect that antioxidant defenses
will undergo subtle adjustments, with some compo-
nents increasing their levels or activity, while others
are decreasing. Recent evidence for this comes from
the study of an Arabidopsis APX1 null mutant, in which
only a mild growth diminution was apparent that was
accompanied by alterations in the expression of an-
tioxidant defense genes as well as a range of genes
involved in many other cellular functions (Pnueli et al.,
2003). Similar observations have been made in trans-
genic tobacco with suppressed cytosolic APX expres-
sion, which again showed alterations in the expression
of other antioxidant defense genes (Örvar and Ellis,
1997; Rizhsky et al., 2002).

An Arabidopsis mutant with altered glutathione lev-
els and APX2 expression, that displays no altered whole
plant phenotypes under controlled environment con-
ditions, shows specific alterations in a tight cluster
of defense-associated genes, including genes encod-
ing components of the antioxidant network (Ball et al.,
2004). Under photo-oxidative stress conditions and in
non-stressed situations, there was no evidence that this
mutant had elevated levels of H2O2, which might indi-
cate that a ROS signaling pathway had been affected.
Rather, it has been concluded that glutathione levels
and other aspects of glutathione metabolism, such as
the flux through the biosynthetic pathway, have a di-
rect impact on the configuration of antioxidant de-
fenses. In support of these observations, Arabidop-
sis plants suffering prolonged sulfur depletion, which
among many effects brings about diminished foliar
glutathione levels, also display alteration in the ex-
pression of a wide profile of genes including com-
ponents of antioxidant defenses (Hirai et al., 2003;
Nikiforova et al., 2003). Changes in the configura-
tion of defense gene expression may then influence the
degree of response to environmental conditions that
promote photo-oxidative stress. Interestingly, in con-
trast to glutathione-deficient mutants, the ascorbic acid
deficient mutant, vtc1, showed no changes in antioxi-
dant gene expression, which further indicates that glu-
tathione has a particular role to play in regulation of
cellular functions (Pastori et al., 2003).

In agreement with the observations that depressed
levels of glutathione influence defense gene ex-
pression, elevated glutathione levels have a broadly
opposite effect. Inhibition of APX1 and APX2 ex-
pression occurred when detached leaves, pre-treated
with glutathione, were exposed to excess light. Under
these conditions, the level of these transcripts rose
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dramatically in untreated leaves (Karpinski et al.,
1997). Importantly, glutathione-treated leaves showed
increased photoinhibition, strongly suggesting that
they suffered a greater degree of photo-oxidative stress
than controls. Similar results were obtained for rice
leaves fed glutathione. The authors suggested that an
inhibition of the antioxidant (carotenoid) xanthophyll
cycle may have been the cause (Xu et al., 2000). Thus,
paradoxically, treatment of leaves with one antioxidant,
glutathione, has an inhibitory effect on the induction
of other antioxidant defense components and compro-
mises the ability of the plant to withstand this stress.
However, this is not a universal response for all defense
genes in all species. For example, treatment of Scots
pine needles with glutathione (oxidized or reduced)
caused an induction of Cu/Zn superoxide dismutase
mRNA levels (Karpinski and Wingsle, 1996). Treat-
ment of bean, tobacco, and parsley suspension cultures
with glutathione also elicited increased expression of
CHS and PAL, which encode enzymes of the phenyl-
propanoid pathway and whose products include potent
antioxidants (Wingate et al., 1988; Herouart et al.,
1995; Loyall et al., 2000). In the case of parsley cells,
the induction of CHS by glutathione also required
the expression of GST1, that encodes a glutathione-S-
transferase, although its precise role in regulating CHS
expression has not been elucidated (Loyall et al., 2000).

A. The Glutathione Paradox and Problems
of Interpretation

While glutathione feeding experiments seem to give
a coherent picture of how this antioxidant may influ-
ence defense gene expression, increasing the level of
glutathione in transgenic plants by over-expression of
the enzyme that catalyzes the first step in glutathione
biosynthesis, γ -glutamylcysteine synthetase (γ -ECS),
has given contradictory results. These include benefi-
cial effects, such as increased heavy metal tolerance
in Indian mustard (Zhu et al., 1999), no apparent ef-
fects in poplar and Arabidopsis (Noctor et al., 1998;
Xiang et al., 2001), and deleterious effects in tobacco
(Creissen et al., 1999). This may be due to possible
differences in the targeting, expression, and controls
exerted on the transgene-encoded γ -ECS , which will
depend on the origins of the enzyme’s coding sequence
(bacterial or plant). For example, the plant enzyme may
be subject to redox-dependent translational control that
would act as a negative regulator of expression (Noctor
et al., 2002), whereas a bacterial enzyme expressed
in plants would escape such regulation. The negative
effects on tobacco of over-expressing plastid-targeted

bacterial γ -ECS included a light-sensitive spreading
lesion phenotype reminiscent of those observed in
catalase-deficient tobacco (see above; Creissen et al.,
1999). Interestingly, the expression of the defense gene
PR-1 was readily detected in such plants, again under-
scoring the impact glutathione metabolism may have
on defense gene expression. However, the effects were
not due to increased levels of glutathione per se, but
may have been caused by the redox state of the glu-
tathione biosynthetic intermediate, γ -glutamylcysteine
(Creissen et al., 1999). This illustrates that flux through
the glutathione biosynthetic pathway, rather than the
levels of this antioxidant, may be the key controlling
factor. Despite these uncertainties and apparent contra-
dictions, these various data point to glutathione play-
ing an important regulatory role, at least in plants such
as Arabidopsis and tobacco. Thus, glutathione may be
a means by which various environmental stimuli and
the action of signaling molecules integrate their effects
on antioxidant defenses. As a consequence, the final
section will address the relationship between various
hormone-directed signaling pathways, ROS, and an-
tioxidants.

V. ROS, Antioxidants, and Stress
Hormones

A. Glutathione and the Salicylic Acid
Signaling Pathway

The salicylic acid (SA) signaling pathway is a main
route for the induction of defense-associated genes,
as part of a plant immune response elicited by at-
tempted infection via some avirulent pathogens (see
Fig. 3). The immune response subsequently confers lo-
cal and systemic resistance to the corresponding vir-
ulent pathogen. The key gene that regulates the in-
duction of defense genes and resistance is called NON
EXPRESSOR OF PR1-1 (NPR1). The name of the gene
comes from the way mutant alleles of the gene were
first recognized (Cao et al., 1994). The NPR1 protein
encoded by this gene contains ankyrin repeat domains
that, from the outset, implicated it in protein-protein
interactions. Impressive progress in our understanding
of how this gene regulates expression of defense genes
has been made in recent years and is outlined in Fig-
ure 3. This scheme shows that NPR1 can exist in an
oxidized (and possibly aggregated) inactive form and a
reduced active form, which permits its interaction with
several members of the TGA class of B-Zip transcrip-
tion factors, some of which also have to be in a reduced
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Fig. 3. The role of glutathione in the regulation of defense gene
expression and establishment of immunity to pathogens (after
Mou et al., 2003 and Deprès et al., 2003). A rise in intracellular
concentration of salicylic acid (SA) caused by activation of a
resistance (R) gene product at the plasma membrane (PM) by
one or more factors from an avirulent pathogen (Avr), leads to a
rise in reduced glutathione (GSH) levels. This may cause the re-
duction of the key defense gene regulator, NPR1, in the cytosol.
Reduced NPR1 moves to the nucleus where it associates with
one or more members of the TGA class of B-Zip transcription
factors, some of which must themselves be in a reduced state.
The NPR1 acts as a redox co-factor, activating this class of
transcription factors. The NPR1:TGA complex then activates
expression of defense genes as part of establishing whole plant
immunity to subsequent infections by virulent pathogens.

state (Deprés et al., 2003; Mou et al., 2003). It is pos-
sible that it is these NPR1:TGA complexes that drive
expression of defense genes. The activation of NPR1 is
achieved by reduction of two cysteine residues, which
have been shown to be important for NPR1 function in
vivo. The reduction of these cysteine residues in vitro
can be achieved by glutathione (as GSH). In cells, the
reduction of NPR1 may well be mediated by specific
factors such as glutaredoxins, since this is the case
for functionally equivalent redox-sensitive regulators
in bacteria and yeast (Delaunay et al., 2002; Paget and
Buttner, 2003). Glutathione may, therefore, play a ma-
jor role in the SA signaling pathway via its possible
influence over NPR1 redox state, and could thus influ-
ence plant: pathogen interactions. SA levels vary, and
in some instances, have been shown to protect against
many other environmental challenges, such as UV ir-
radiation, ozone fumigation, cadmium poisoning, heat
stress, exposure to high light, drought, and salinity (Dat
et al., 1998; Surplus et al., 1998; Rao and Davies 1999;
Borsani et al., 2001; Karpinski et al., 2003; Metwally

et al., 2003). These conditions are also known to in-
fluence glutathione levels, and thus it is conceivable
that this antioxidant and its interaction with SA are im-
portant components of signaling for a wide range of
environmental conditions.

B. Glutathione, Ascorbate, ROS, and the
ABA Signaling Pathway

There has been considerable progress in recent years
in understanding how ABA mediates stomatal closure.
One of the most significant findings is that H2O2 me-
diates the ABA signal that regulates ion movement in
guard cells (Pei et al., 2000; Murata et al., 2001; Zhang
et al., 2001; Kwak et al., 2003). H2O2 has also been
implicated in the many observations of ABA-mediated
induction of antioxidant gene expression (Sakamoto
et al., 1995; Guan et al., 2000; Fryer et al., 2003; Jiang
and Zhang, 2003; Yoshida et al., 2003). Negative regu-
lators of this pathway are two protein phosphatase 2C
(PP2C) isoforms encoded by ABI1 and ABI2 (the pre-
fix ABI stands for “ABA insensitive” and refers to the
way the genes were first recognized as mutants with
this phenotype; Koornneef et al., 1984; Leung et al.,
1997). The protein substrates for these phosphatases
are not known. In vitro, the ABI2 PP2C activity is sub-
stantially inhibited by physiological levels of H2O2 and
can be protected, and the inhibition reversed, by dithio-
threitol or glutathione (as GSH; Meinhard et al., 2002).
This suggests that redox sensitive cysteines in the re-
duced form are required for functioning of the ABI2
phosphatase. There is good evidence that a mitogen-
activated protein kinase (MAPK) cascade may mediate
H2O2 induction of antioxidant defense genes (Kovtun
et al., 2000; Zhang and Klessig, 2001). Therefore, it is
tempting to speculate that the PP2C’s inhibition by the
same H2O2 may serve to amplify the action of a protein
kinase-signaling pathway (Meinhard et al., 2002). The
role of glutathione can be questioned on the grounds
that the levels needed to block PP2C may not be phys-
iologically relevant (Meinhard et al., 2002). However,
one cannot exclude that the reduction of the ABI2 PP2C
cysteine residues in vivo may require the action of a
glutaredoxin, thioredoxin, or some other mediator of
cellular redox state. Furthermore, related protein tyro-
sine phosphatases in mammalian cells have been shown
to be regulated by glutathionylation at the equivalent
redox sensitive cysteines (Barrett et al., 1999).

Further links between antioxidant metabolism and
ABA have come from the observation that the ascorbic
acid-deficient mutant vtc1 (Conklin et al., 1997) has 1.6
fold elevated levels of ABA (Pastori et al., 2003). It has
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been suggested that cellular responses to an alteration
in ascorbate levels may be transduced by ABA (Pastori
et al., 2003).

C. ROS, Antioxidants, Jasmonic Acid,
and Ethylene

JA signaling for response to wounding of plants has
been suggested to be mediated by H2O2 which, in turn,
stimulates gene expression in the vicinity of the wound
site that could help prevent opportunistic infections,
deter herbivores, and repair wounds (Orozco-Cardenas
et al., 2001). JA pre-treatment of plants can also pro-
tect tobacco and Arabidopsis against ozone damage, an
effect that may, in part, be due to changes in expres-
sion of antioxidant defense genes such as APX (Orvar
et al., 1997; Rao et al., 2000). Similarly, a coordinated
regulation of the expression of genes of glutathione
metabolism such as glutathione reductase (GR) and
the enzymes of glutathione synthesis occurs upon treat-
ment of Arabidopsis plants with JA (Xiang and Oliver,
1998). It is not clear that all these effects of JA on
ROS/antioxidant metabolism are linked, but if they are,
then those of the whole plant response to environmen-
tal challenges that are influenced by JA must involve a
coordinated regulation of antioxidant defenses.

Under stress conditions, such as ozone fumigation or
wounding, the relationship between signaling pathways
orchestrated by both JA and ethylene may be important
(Overmyer et al., 2000; Lorenzo et al., 2003). Plant
cells challenged with ozone or undergoing carbon star-
vation produce ethylene that is implicated in directing
a burst of ROS production mediated by membrane-
bound NADPH oxidases (Overmyer et al., 2000; Chae
and Lee, 2001; Langebartels et al., 2002). However,
ROS can, in turn, impact on the production of ethy-
lene, implying complex feedback regulation of these re-
sponses (Overmyer et al., 2000; Watanabe et al., 2001).
In other situations, depression of antioxidant enzyme
activities and levels of antioxidants may be regulated
by ethylene, such as during the senescence of spinach
leaves (Hodges and Forney 2000). The most direct and
intriguing evidence that ethylene perception may have
a redox-regulated component comes from a study of the
ethylene response mediator, ETR1, in both Arabidopsis
and yeast. ETR1 is located in membranes as a homod-
imer formed by an intermolecular disulphide bridge.
The formation of this disulphide bridge was shown to
be necessary for ETR1 function (Schaller et al., 1995).
This raises the possibility that ETR1 could be sensitive
to alterations in cellular redox state driven by changes
in antioxidant and ROS metabolism.

D. Growth, ROS, Antioxidants, and Auxins

The induction of defense responses can also lead to a
down-regulation of genes associated with the vegeta-
tive growth of the plant. For example, in the vtc1 mu-
tant, a slow growth rate has been attributed to elevated
levels of ABA rather than partial depletion of its ascor-
bate content (Pastori et al., 2003). Furthermore, H2O2

treatment of Arabidopsis protoplasts led not only to
MAPK-mediated up-regulation of antioxidant defense
gene expression, but also to a down-regulation of auxin-
regulated genes that might be implicated in meristem
growth (Kovtun et al., 2000). This may reflect a re-
cently described convergence of kinase-mediated sig-
naling that would coordinate both defense and growth
responses to H2O2 (Moon et al., 2003). Conversely,
auxin treatment of plant tissues may induce ROS pro-
duction and also induce expression of antioxidant de-
fense genes such as GSTs (Chen and Singh, 1999; Joo
et al., 2001; Pfeiffer and Höftberger, 2001). Again,
these data indicate that there is a two-way relationship
between a hormone and ROS.

E. Conclusions on Hormone Signaling and
ROS/Antioxidant Metabolism

It is clear from the above considerations that antioxidant
metabolism can be profoundly influenced by, and in
turn influence, signaling pathways nominally directed
by one or more hormones. It has been suggested by
many authors that the overlap in the type of genes in-
duced by chemically diverse molecules may be rec-
onciled by invoking a common effect on ROS at the
cellular level (reviewed in Garretón et al., 2002). How-
ever, it is also clear that, in all cases, complex feedback
regulation occurs by which ROS and antioxidants can
influence the potency of hormones, especially those
associated with stress. Thus, circular pathways of reg-
ulation have to be invoked to link up these diverse ob-
servations (e.g. Overmyer et al., 2000).

Perhaps the most compelling part of the relationship
between cellular redox state (influenced by antioxidants
such as glutathione) and signaling pathways is that key
players in the pathways studied to date have either been
shown to be or may be redox regulated. These include
NPR1, ABI2, and ETR1 of the SA, ABA, and ethy-
lene signaling pathways, respectively (Schaller et al.,
1995; Meinhard et al., 2002; Mou et al., 2003). Thus,
it is now probably safe to state that antioxidants play
a key role in the life of plants not simply as protec-
tors against oxidative stress, but also in the regulation
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of many aspects of the way plants interact with their
ever-changing environment.
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Summary

Ascorbate, glutathione, and tocopherol are the three major low molecular weight antioxidants of plant cells. While
tocopherol is hydrophobic and is found only in lipid membranes, ascorbate and glutathione are hydrophilic, accu-
mulating to high concentrations in the chloroplast stroma and other compartments of the plant cell. Ascorbate and
glutathione not only limit photo-oxidative damage but can also act independently as signal-transducing molecules
regulating defense gene expression. Both metabolites transmit information concerning oxidative load and redox-
buffering capacity. Ascorbate modifies the expression of chloroplast genes. Net glutathione synthesis during stress
restores the cellular redox state and allows orchestration of systemic acquired resistance. The degree of redox
coupling between these antioxidants has profound implications for regulation, function, and signaling associated
with the two major energy-generating systems, i.e. photosynthesis and respiration. Tocopherol fulfills an essential
protective function, counter-acting the harmful effects of singlet oxygen production at photosystem II. Ascorbate
reduces and thus regenerates oxidized tocopherol, but flux through this reaction is not sufficient to maintain the
reduced tocopherol pool under high light stress. This may be because tocopherol regeneration draws on the ascorbate
pool of the chloroplast lumen, which may be depleted under stress. Moreover, while glutathione always reduces
oxidized ascorbate (dehydroascorbate), the degree of coupling between the ascorbate and glutathione redox couples
is variable. The flexibility of coupling between these antioxidant pools is crucial to differential redox signaling,
particularly by ascorbate and glutathione.

I. Introduction

Plants are autotrophic organisms fueled by light-driven
redox chemistry (Noctor et al., 2000). Through the ne-
cessity of harnessing light energy to drive photosyn-
thetic metabolism, plants have optimized strategies for
redox control, including ways of minimizing the gener-
ation of reactive oxygen species (ROS) and employing
a network of pathways of ROS detoxification. More-
over, redox signals exert extensive control on gene ex-
pression, adapting plant growth and development to
environmental inputs and cues.

Oxygenic photosynthesis and aerobic respiration are
both able to undertake the concerted, four-electron ex-
change between water and oxygen, at photosystem II

Abbreviations: ABA – abscisic acid; AO – ascorbate ox-
idase; APX – ascorbate peroxidase; DCMU – 3-(3, 4-
dichlorphenyl)-1, 1-dimethylurea; DHA – dehydroascorbate;
DHAR – dehydroascorbate reductase; FBPase – fructose-1, 6-
bisphosphatase; G6PDH – glucose-6-phosphate dehydrogenase;
GLDH – galactono-1, 4-lactone dehydrogenase; GPX – glu-
tathione peroxidase; GR – glutathione reductase; GRX – glutare-
doxin; GSH – reduced glutathione; GSSG – glutathione disulfide;
GST – glutathione S-transferase; HPP – hydroxymethylphenyl
pyruvate; MDHA – monodehydroascorbate; MDHAR – mon-
odehydroascorbate reductase; NAT – nucleobase L-ascorbic acid
transporters; NPR1 – nonexpressor of PR genes 1; NCED – 9-
cis-epoxycarotenoid dioxygenase; PHGPX – phospholipid hy-
droperoxide glutathione peroxidase; PR – pathogenesis-related;
PRK – phosphoribulokinase; PRX – peroxiredoxin; PS I –
photosystem I; PS II – photosystem II; ROS – reactive oxy-
gen species; SA – salicylic acid; SBPase – sedoheptulose-1, 7-
bisphosphatase; TRX – thioredoxin.

and terminal oxidases, respectively. In addition, elec-
tron transport reactions associated with both processes
are a major source of ROS in plants, generating super-
oxide, hydrogen peroxide, and singlet oxygen (Endo
and Asada, this volume). Large amounts of hydro-
gen peroxide are also formed by the photorespiratory
pathway (Foyer and Noctor, 2003), and many other
metabolic processes in plants catalyze only partial re-
duction of oxygen, thus generating superoxide and
hydrogen peroxide (Foyer and Noctor, 2000; Mittler,
2002). For example, superoxide and/or H2O2 are gen-
erated at significant rates by oxidative phosphoryla-
tion, fatty acid β-oxidation, and also by many types of
oxidase activity. One of the most intensively studied
of these pro-oxidant events is the oxidative burst that
occurs in the apoplast in response to pathogen attack
(Lamb and Dixon, 1997).

There is no doubt that oxygen is potentially toxic and
that excessive ROS production is incompatible with cell
functions. However, aerobic organisms have evolved
means of using the strong oxidizing potential of the
O2/H2O redox couple (Em7 = + 815 mV) in a con-
trolled fashion and, furthermore, also exploit the re-
activity of ROS in plant metabolism, signaling, and
defense. The roles of ROS in stress-induced damage
have long been recognized, but it is now also generally
accepted that ROS are an integral component of cellu-
lar signaling in both animals (Hancock et al., 2001) and
plants (Vranova et al., 2002a, b; Mittler, 2002; Foyer
and Noctor, 2003). ROS are involved in innate immune
responses in plants as well as in acquired resistance to
biotic and abiotic stresses (Alvarez et al., 1998; Dat
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et al., 2000). H2O2 was first shown to be a second mes-
senger in plant-pathogen interactions (Green and Fluhr,
1995), wounding (Orozco-Cardenas et al., 2001), and
abiotic stress (Pastori and Foyer, 2002). More recently,
H2O2 and other ROS have been reported to be inti-
mately involved in a wide range of hormone-dependent
developmental signaling processes, as well as in cell
wall cleavage and associated cell wall growth in a di-
verse range of developing and expanding organs such
as embryonic axes (Puntarulo et al., 1988), roots (Joo
et al., 2001), germinating seeds (Schopfer, 2001), ex-
panding leaves (Rodriguez et al., 2002), and coleop-
tiles (Schopfer et al., 2002). In particular, Foreman
et al. (2003) showed that ROS generated by a plasma
membrane NADPH oxidase regulate root hair growth.
In this case, ROS were found to regulate cell expan-
sion through activation of calcium channels. ROS can
be positioned both up- and down-stream of plant hor-
mone action. For example, application of auxin pro-
motes ROS production and gravitropic responses in
roots (Joo et al., 2001) while abscisic acid (ABA)
mediates H2O2 accumulation during stomatal closure
(Pei et al., 2000), and gibberellic acid alters the sensi-
tivity of barley aleurone protoplasts to H2O2-induced
programmed cell death (Fath et al., 2001). On the other
hand, iron-induced oxidative stress was shown to mod-
ulate auxin levels in protoplast-derived cells (Pasternak
et al., 2002) and photorespiratory H2O2 accumulation
caused by catalase deficiency induced accumulation of
stress hormones such as salicylic acid (Chamnongpol
et al., 1998). During ozone exposure, ROS action is
situated both upstream and downstream of ethylene
synthesis (Moeder et al., 2002). ROS are also asso-
ciated with stimulation of homologous recombination
(Kovalchuk et al., 2003).

Like nitric oxide (NO), ROS have typical features
of signaling molecules in that they are metabolically
active and have a short life-time. Signal intensity is
therefore easily controllable by variations in rates of
production and/or removal. The duration of the ROS
signal is determined by the effective antioxidant net-
work in which tocopherol, ascorbate, and glutathione
are key players. These highly abundant metabolites are
ubiquitous in the photosynthetic cells of higher plants
and many algae, where they are present predominantly
in the reduced state, except under extreme stress condi-
tions. Ascorbate and glutathione fulfill many essential
roles in plants (May et al., 1998; Noctor et al., 1998;
Arrigoni and De Tullio, 2000). For example, ascor-
bate is involved in the regulation of quiescence, mi-
tosis, and cell growth (Potters et al., 2000), while glu-
tathione is important in root formation and senescence

(Vernoux et al., 2000; Ogawa et al., 2004). The an-
tioxidant functions of tocopherol, ascorbate, and glu-
tathione, and their participation in cellular defense
against oxidative stress, is well known and has been
discussed many times previously (Noctor and Foyer,
1998; Foyer and Noctor, 2000). We consider the roles
of the ascorbate and glutathione pools as major redox
buffers of plant cells (Figure 1) to be equally important
to their functions in metabolism and defense. The mem-
brane tocopherol pool is coupled to the glutathione pool
through the mediation of ascorbate (Figure 2) and the
levels of these two antioxidants tend to vary in a simi-
lar manner. While levels of tocopherol, ascorbate, and
glutathione are fairly constant throughout the day/night
cycle in the leaves of some species, they show marked
diurnal variation in other species. For example, the
ascorbate, glutathione, and tocopherol contents are di-
urnally modulated in Arabidopsis rosette leaves and
in spruce needles (Schupp and Rennenberg, 1990;
Tamaoki et al., 2003). Net synthesis of these antioxi-
dants increases in the light and maximum accumulation
often corresponds with the maximum day light intensi-
ties in field grown plants. In tobacco leaves, ascorbate
contents fall in darkness and are high throughout the
duration of the light period (Figure 3). Similarly, glu-
tathione synthesis can be faster in the light than the dark
(Noctor et al., 1998). Here, we discuss the importance
of the degree of interaction between the low molecu-
lar weight antioxidant pools in relation to function. A
major theme of this overview is that redox coupling is
efficient enough to provide long term buffering of cel-
lular redox state while allowing short-term perturba-
tions in each redox couple to provide specific signaling
information.

II. Singlet Oxygen and Tocopherol
Function in PS II

A. Sources of Singlet Oxygen

Photosynthesis is the major source of singlet oxygen
in plants. Singlet oxygen is mainly formed through en-
ergy transfer from the triplet state of excited pigments
to triplet oxygen, but is also an intermediate in chemi-
excitation, such as occurs in lipid peroxidation. Of
course, since photosynthesis involves constant pigment
excitation, the potential for singlet oxygen production
is always present. Chlorophyll triplets are formed both
in the antenna as well as in the photosystems. In the an-
tenna, the triplets are formed by inter-system crossing
from the excited singlet state. Their yield can be very
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Fig. 1. Soluble reductant couples arranged according to their midpoint potentials (left, linked by solid arrows) and principal compo-
nents and processes with which they interact (right, linked by dashed arrows). DHAR, dehydroascorbate reductase; Fd, ferredoxin;
FTR, ferredoxin-thioredoxin reductase; GR, glutathione reductase. ROOH denotes H2O2 or organic peroxides. Chloroplast-specific
components (Fd, FTR) are shown in rectangles. For simplicity, only the principal interactions are shown. For example, certain perox-
iredoxins may also be regenerated by glutaredoxins (Rouhier et al., 2002); glutaredoxins and thioredoxins, as well as other enzymes,
may also be involved in DHA reduction (Nishizawa and Buchanan, 1981; Wells et al., 1990); de-epoxidation of both violaxanthin and
antheraxanthin requires ascorbate (Demmig-Adams and Adams, 1992); and other reactive oxygen species can act as oxidants of the
couples shown (Polle, 2001). Irrespective of these details, and although in non-photosynthetic plastids net electron transfer may be
from NADPH to Fd (Bowsher et al., 1989), net electron flow will generally be from Fd (in the chloroplast) or from NAD(P)H (in other
compartments) to ascorbate. Specificity in signaling linked to production of reactive oxygen species is likely to be determined by
the extent to which the reductant redox couples are kinetically linked, and the relative importance of peroxiredoxins, glutathione
peroxidases and ascorbate peroxidases in peroxide scavenging. For further discussion, see text.

high (Witt, 1996; Telfer, 2002), but they are effec-
tively quenched by the abundant carotenoid pigments
(Cogdell and Frank, 1996), mainly the xanthophylls in
the distal and proximal antenna and β-carotene in the
core antenna, and therefore little harm is done. Triplets
of the PS II reaction center chlorophylls are not formed
by intersystem crossing, as the excited singlet state im-
mediately leads to charge separation. Here the triplets
are formed in recombination reactions (Diner and
Rappoport, 2002). Their yield depends not only on light
input but also on the redox state of the primary stable
electron acceptor quinone of PS II, QA.

Figure 4 illustrates the energy levels of the primary
reactants in the reaction center of purple bacteria under
anaerobic conditions according to Angerhofer (1991).
In forward electron flow, charge separation occurs when
QA becomes oxidised (Figure 4, left). In a situation
where QA is already reduced (Figure 4, right), the

energy levels of the radical pair are in the singlet and
triplet state and are very close because of spin interac-
tion with QA minus. Recombination under these con-
ditions leads to the triplet state of the reaction center
chlorophyll. An equivalent scheme is used by Krieger
and Rutherford for PS II under aerobic conditions
(Krieger et al., 1998; Rutherford and Krieger-Liszkay,
2001; Fufezan et al., 2002). As oxygen is present in this
latter case, decay of the P680 triplet state competes with
energy transfer to oxygen and singlet oxygen may be
formed. Because of the physical arrangement of the
PS II reaction center, where the β-carotenes are bound
to the D2 protein while P680 is localised on the D1 pro-
tein, the quenching of chlorophyll triplets as well as of
the short-lived and localized singlet oxygen by carotene
in the reaction center of aerobic photosynthetic organ-
isms may not play the same role as in the antenna. There
is no orbital overlap between the carotenes and the
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Fig. 2. Antioxidant cycling in the chloroplast. Singlet oxygen arising in PS II oxidizes tocopherol to an intermediate hydroperoxide,
which may be hydrolysed to tocoquinone. The tocopherol is regenerated by biosynthesis from homogentisate (broken arrows) or the
intermediate may be re-reduced by ascorbate (solid arrows). Coupling of tocopherol regeneration to ascorbate oxidation potentially
engages the three reductant couples shown in Fig.1: Fd through direct photochemical reduction of MDHA, NADPH through MDHAR
(and GR), and glutathione through DHA reduction following dismutation of MDHA. For abbreviations, see list.

Fig. 3. The effect of dark and light on tobacco leaf ascorbate and dehydroascorbate contents. The leaf ascorbate and dehydroascorbate
contents of 6-week-old tobacco plants was measured before and after a dark period of 16h and then during a period of 24 h continuous
light (350 μmol m−2 s−1). Photosynthetic CO2 assimilation rates in the light are also shown. For further information see Pignocchi
(2000).
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Fig. 4. Energy levels and energy states of the purple bacteria radical pair under anaerobic conditions showing the path of recombination
following charge separation when QA is either oxidized (left) or reduced (right). The figure is adapted from Angerhofer (1991).

primary P680 triplets (Van Gorkom and Schelvi, 1993;
Telfer et al., 1994a; Telfer and Barber, 1995) as shown
by recent X-ray structure analysis of PS II by Kamiya
and Shen (2003) and Ferreira et al. (2004). Indeed, at
low temperatures no carotene quenching occurs at all
in PS II (Mathis et al., 1979; Satoh and Mathis, 1981;
Durrant et al., 1990). It is important to note that the
yield of P680 triplets is not only a function of light in-
tensity, but also of the redox state of the electron flow
system. It follows therefore that P680 triplets and sin-
glet oxygen are formed in greatest abundance when
the demand for reducing power from the photosyn-
thetic electron flow system is small, but light excita-
tion remains high, i.e. the basic conditions for photoin-
hibition (Keren et al., 1997; Osmond and Förster, this
volume), a process defined by Osmond (1994) as the
light-dependent inhibition of the light-dependent reac-
tions of photosynthesis. The amount of singlet oxygen
formed in enriched PS II preparations can be measured
by spectroscopic and electron spin resonance tech-
niques (Macpherson et al., 1993; Telfer et al., 1994a;
Hideg et al., 1994, 1998; Krieger et al., 1998; op den
Camp, 2003). To date, measurements and detection of
1O2 in vivo have failed, but this should not be taken as
an argument that singlet oxygen is not formed in vivo,
as is discussed below in relation to the turnover of the
D1 protein. Production of 1O2 in vivo is discussed in
more detail in relation to tocopherol by Trebst (1999,
2003).

With this caveat in mind, singlet oxygen generated in
the PS II reaction center (Hideg et al., 2002) has several
options for further reactions:

a. It may react with the D1 protein and induce its
degradation (Keren et al., 1995, 1997). This is the
onset of the well-known rapid turnover of the D1
protein (Mattoo et al., 1989), which is an integral
part of photoinhibition (reviewed in Adir et al.,
2003). As long as the rapid degradation rate of
the D1 protein is compensated by an equally rapid
re-synthesis of the protein and re-assembly into a
new functional PS II, photosynthetic flux contin-
ues unabated. If not, the D1 protein is not replaced
and functional PS II units disappear. There can
then be no PS II activity and the whole chloro-
phyll/pigment system eventually bleaches (Aro
et al., 1993; Melis, 1999; Adir et al., 2003). In
the process of disassembly of PS II, chlorophyll
and carotenes are released from their binding sites
on the D1 protein. This is also likely to occur on
the D2 protein but, at least at first, not for the 43
and 47 kDa core antenna proteins. For reassem-
bly, newly synthesized β-carotene (Trebst and
Depka, 1997) and probably also new chlorophyll
(Feierabend and Dehne, 1996) are required.

b. Singlet oxygen generated at the P680 chlorophyll
binding site on the D1 protein may, in spite of
its short life time of about 10 μsec, diffuse to
the carotene binding site on the D2 protein to be
quenched there (Telfer et al., 1994b).

c. Singlet oxygen could be scavenged by tocopherol,
as discussed below in detail.

d. In view of possibilities a–c, singlet oxygen, or
a stable product or reaction with singlet oxygen,
may act as a signal transducer.
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Another source of singlet oxygen in the thylakoid
membrane is the light-induced excited state of pro-
toporphyrin IX, an intermediate in the biosynthe-
sis of cytochromes and chlorophylls. The amount of
protoporphyrin IX can be greatly enhanced by inhi-
bition of protoporphyrinogen IX oxidase (PPO). This
inhibition is achieved by herbicides that target PPO
(Duke et al., 1991; Hock et al., 1995) and cause bleach-
ing via exacerbated rates of ROS generation through
light excitation of protoporphyrin. Protoporphyrin IX
and protochlorophyllide are also formed via this re-
action in a mutant (flu) defective in the regulation
of porphyrin synthesis (Meskauskiene et al., 2001).
This mutant is viable only when grown in contin-
uous light where the intermediate is consumed. In
the dark, the photosensitizers accumulate. Exposure
to intermittent light leads to singlet oxygen produc-
tion. In this situation, mature flu mutants stop grow-
ing, while seedlings bleach and die (op den Camp
et al., 2003). These responses do not merely result
from oxidative damage but rather result from the acti-
vation of distinct cell sucide programs. Evidence in
support of this view comes from molecular genetic
screens that have shown that inactivation of a single
gene, EXECUTER 1 (EX1), is sufficient to prevent
singlet oxygen-induced flu seedling death and growth
inhibition in mature plants (Wagner et al. 2004). In-
activation of the EX1 protein not only suppresses the
induction of death in flu seedlings but it also pre-
vents death in wild type plants treated with 3-(3,
4-dichlorphenyl)-1, 1-dimethylurea (DCMU). How-
ever, this observation is more difficult to explain, as
DCMU prevents singlet oxygen formation in PS II and
prevents D1 turnover.

It remains to be demonstrated conclusively whether
singlet oxygen is a unique signal per se or whether it is
indistinguishable from other ROS-induction phenom-
ena. Of course, singlet oxygen is the primary reactant,
and quenching by pyridoxamine prevents the initiation
of the cell suicide program. Similarly, the adverse ef-
fects of PPO herbicides can be abolished by adding
diphenylamine as a singlet oxygen quencher. There is
no doubt that singlet oxygen generated at random by
photosensitizers quickly induces a cascade of ROS that
orchestrate a genetically determined suicide program.
This is true for both the singlet oxygen formed as a
result of PPO herbicide action as well as in the flu mu-
tants. In vivo, singlet oxygen generated at a specific
“natural” site, i.e. within the PS II reaction center, fu-
fills this role. However, signal transduction will only
occur if this singlet oxygen escapes destruction (i.e.
specific scavenging by D1 or by tocopherol) or is oth-
erwise consumed in a ROS cascade.

The expression patterns of approximately 5% of the
total Arabidopsis genes are modified in the flu mu-
tant within the first 30 minutes after release of singlet
oxygen (op den Camp et al., 2003). However, the pat-
tern of differential gene expression observed upon sin-
glet oxygen generation is practically identical to that
obtained by applying H2O2 and light (Kimura et al.,
2001, 2003). The majority of the singlet-oxygen in-
duced changes in gene expression observed in the flu
mutant are not suppressed in the ex1 mutant. Thus, sin-
glet oxygen production activates at least two distinct
signal transduction pathways, one that requires EX1
and one that is EX1 independent (K.P. Lee et al., 2003;
op den Camp et al., 2003, Wagner et al. 2004). More-
over, singlet oxygen-mediated signaling has similari-
ties to that associated with another recently proposed
plastid signaling molecule, the tetrapyrrole interme-
diate Mg2+ protoporphyrin IX (Strand et al., 2003;
Mg2+ proto IX). This molecule was identifed via anal-
ysis of a group of nuclear recessive mutants called gun
(genomes uncoupled) that were generated by mutat-
ing plants that contain a fusion of the light-harvesting
chlorophyll a/b binding protein (Lhcb) promoter to the
B-glucuronidase (GUS) and screening for plants that
express GUS when treated with norflurazon, an in-
hibitor of phytoene desaturase that leads to carotenoid
deficiency. The gun mutants de-repress transcription of
nuclear genes involved in photosynthesis (Rodermel,
2001). Moreover, like flu (op den Camp et al., 2003),
the large changes in gene expression (affecting about
4% of the total Arabidopsis genome) brought about
by release of the plastid signaling factor include many
known stress responsive genes (Strand et al. 2003). The
plastid signaling factor and singlet oxygen may there-
fore use similar signaling pathways.

As mentioned above, chlorophyll is released during
the degradation of the D1 protein. Free chlorophyll
is a very effective photosensitizing agent, producing
singlet oxygen first and then, by a chain reaction, nu-
merous other ROS that eventually bleach the chloro-
phyll. The latter, rather than singlet oxygen per se,
are the probable source of ozone damage to the D1
protein (Sandermann, 2000). Cyanobacteria employ
largely transcriptional and translational regulation of
gene expression in response to exposure to high light
intensities or other photoinhibitory conditions. Flow-
ering plants also employ circadian controls and post-
translational regulation including redox regulation of
the phosphorylation of the D1 protein that may add an
extra level of protection at PS II (Booij-James et al.
2002) and prevent the orchestration of the signal trans-
duction pathways described above that ultimately lead
to death.
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Fig. 5. The reaction of tocopherol with singlet oxygen (according to Neely et al., 1998).

B. Tocopherol

Since the occurrence and properties of tocopherols
in plants have been extensively reviewed previously
(Fryer, 1992; Elstner et al., 1998; Foyer and Harbinson,
1999; Bramley et al., 2000; Munné-Bosch and Alegre,
2002a,b; Trebst et al., 2002; Munné-Bosch and Falk,
2003), the present discussion will concentrate largely
on the specific roles of tocopherol in relation to pho-
tosynthesis and its functions in PS II in particular. In-
deed, tocopherol is restricted to the chloroplast where
it is synthesized from homogentisic acid. Chloroplasts
contain all of the tocopherol biosynthetic enzymes.
The genes encoding tocopherol-synthesizing proteins
are located in the nucleus and their respective pro-
teins are imported into the chloroplast. Tocopherol is
localized largely to the thylakoid membranes and the
plastoglobuli, with perhaps a small amount present in
the chloroplast envelope as well (Lichtenthaler, 1968,
1998; Tevini and Lichtenthaler, 1970; Soll et al., 1985).
Leaf tocopherol contents, like those of ascorbate, are
light dependent, i.e. increase as growth light inten-
sity increases. An extensive literature exists on the
chemistry of tocopherol and its functions because of
the importance of tocopherol (vitamin E) for human
health (Fryer, 1992; Kaiser et al., 1990). Tocopherol is
slowly oxidized to radical forms in air, but reacts rapidly
with singlet oxygen to form a hydroperoxychromanone
(Neely et al., 1988). This intermediate can then be hy-
drolyzed to tocopherylquinone—shown to occur in the
chloroplast (Kruk and Strzalka, 1995)—in which the
chromane ring is irreversibly opened (Figure 5). How-
ever, the hydroperoxychromanone intermediate can be
re-reduced to tocopherol by ascorbate (Figure 5) (Neely
et al., 1988).

C. Function of Tocopherol in PS II

As stated above, the major potential source of sin-
glet oxygen in the chloroplast is the triplet state of the

Fig. 6. Intermediates in the biosynthesis of plastoquinone and
tocopherol. HPP stands for hydroxymethyl phenyl pyruvate.

reaction center chlorophyll, P680. Conditions required
for singlet oxygen production are 1) high light and 2) a
reduced plastoquinone pool. It is also suggested above
that tocopherol functions as a singlet oxygen scavenger
in vivo. This hypothesis has been tested with inhibitors
that impair tocopherol biosynthesis and in mutants de-
fective in this biosynthesis.

1. Blocking Tocopherol Biosynthesis
with Inhibitors

Commercial herbicides (Schulz et al., 1993; D.P. Lee
et al., 1997; Pallett et al., 1998; Pallett, 2000; Gressel,
2002; Matsomoto et al., 2002) have been developed
that block hydroxyphenylpyruvate (HPP) dioxygenase,
the first enzyme in the pathway from tyrosine that pro-
duces homogentisic acid for the subsequent synthesis
of plastoquinone and tocopherol (Figure 6). Their sec-
ondary action as bleaching herbicides is attributed to
a deficiency in plastoquinone that is a substrate for
phytoene desaturase (Norris et al., 1995; Pallett, 2000;
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Fig. 7. Two commercial herbicides that block the HPP dioxygenase. Left, isoxaflutole. Right, pyrazolate.

Matsomoto, 2002). Plants treated with such herbicides
have decreased levels of carotenes and plastoquinone
as well as greatly reduced tocopherol levels, suggest-
ing that the dioxygenase is important for both plasto-
quinone and tocopherol biosynthesis. Similar studies
with Chlamydomonas reinhardtii have shown that to-
copherol is an essential component in the maintenance
of PS II structure and function (Trebst et al., 2002,
Trebst, 2003):

Algae grown on pyrazolate or isoxaflutole, that form
active breakdown products in the plant (Fig. 7) at con-
centrations of about half those required for maximal
inhibition, synthesize adequate plastoquinone to main-
tain maximal rates of photosynthetic electron flow.
Under such conditions, algal growth and photosynthe-
sis rates were similar to controls, even though toco-
pherol contents were decreased by the herbicide. How-
ever, in algae exposed to strong light (of about twenty
times growth light), photosynthesis was rapidly inhib-
ited (within one to two hours), with PS II activity and
D1 protein being lost quickly. The tocopherol content of
the algae grown with the low herbicide concentrations
rapidly fell to below detectable levels in high light. The
turnover rate for the tocopherol pool increased as light
intensity increased. Thus, it would appear that the toco-
pherol pool size depends on continuous synthesis with
both degradation and synthesis being enhanced at high
light. If synthesis is restricted, as occurs in the presence
of herbicides, the algae rapidly become tocopherol-
deficient in high light, and as a consequence the D1
protein is degraded and PS II activity (though not PS
I activity) is lost. These results are in good agreement
with tocopherol acting as a scavenger of singlet oxygen
generated in PS II and thus protecting the D1 protein
from degradation. In these experiments, tocopherol is
assumed to be largely oxidized to tocopherylquinone
(Fig. 5) via hydroperoxy-tocopherone. This would indi-
cate that re-reduction of the intermediate by ascorbate
was too slow to maintain the tocopherol pool in these
conditions. Very little information is available on the

ascorbate contents of algae or on the factors that govern
ascorbate synthesis. In particular, we do not know the
extent of ascorbate accumulation in the lumen, which
is probably the primary consideration assuming that to-
copherol acts on the donor side of PS II and its reaction
center.

The interpretation of the function of tocopherol de-
rived from experiments with herbicides may be flawed
as these compounds also cause a degree of inhibi-
tion of plastoquinone formation and, consequently, of
carotene biosynthesis. Even though the experiments
were designed to allow optimal photosynthesis rates
at growth light intensities, the plastoquinone pool may
have become limiting in high light. To test whether
PS II breakdown in these conditions was caused by ef-
fects on carotene biosynthesis rather than tocopherol
deficiency, attempts were made to rescue the algae in
high light by adding plastoquinone and/or tocopherol.
The high light-induced disappearance of PS II activity
and the D1 protein could indeed be delayed by adding
decylplastoquinone (PQ-45 will not permeate into the
cell). However, within two hours of exposure to high
light added plastoquinone was no longer able to pro-
tect PS II from inhibition. In contrast, the addition of
a cell-permeable tocopherol (a short chain tocopheryl-
derivative synthesized with a bromoethyl sidechain ac-
cording to Scott et al. [1974] instead of the normal 16 C-
atom sidechain of natural tocopherols) gave complete
protection of PS II function in high light (Trebst et al.,
2004). In the short term, the increase in endogenous to-
copherol turnover rate was sufficient to give full protec-
tion in high light. This continued until the endogenous
tocopherol pool was exhausted and then the added cell-
permeable tocopherol facilitated protection. Additional
support of the view that singlet oxygen is the cause of
PS II inactivation in high light in tocopherol-deficient
algae is derived from experiments with singlet oxygen
quenchers such as diphenylamine or its derivatives. In
the presence of singlet oxygen quenchers, herbicide-
treated algae showed no loss of photosynthesis activity
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in high light and the tocopherol pool remained high
even when synthesis was completely blocked (Trebst
et al., 2002).

2. Tocopherol Synthesis Mutants

A bleaching mutant deficient in HPP-dioxygenase was
first identified via a phenotype related to plastoquinone
deficiency in the phytoene desaturase reaction (Norris
et al., 1995; see also Dähnhardt et al. (2002) and Falk
et al. (2002)). This mutant was important as it en-
abled resolution of the dispute as to whether plas-
toquinone had redox roles in addition to those as-
sociated with electron transport (Mayer et al., 1990;
Breitenbach et al., 2001). Enhancing HPP-dioxygenase
or homogentisate phytytransferase activity in trans-
genic Arabidopsis led to higher tocopherol levels in
leaves and seeds (Tsegaye et al. 2002; Collakova et al.,
2003) and allowing the conclusions that 1) these en-
zymes provide major sites of flux control over the
tocopherol synthetic pathway and 2) that later steps,
such as that catalysed by tocopherol cyclase, are not
limiting for tocopherol accumulation (Collakova et al.,
2003a; Kanwischer et al., 2005). HPP-dioxygenase or
homogentisate phytyltransferase are induced upon ex-
posure to abiotic stress (Collakova et al., 2003b). A
deficiency in carotene biosynthesis has serious conse-
quences under all growth conditions since it diminishes
the protective capacity of growing photosynthetic tis-
sues, and more relevant here, prevents the re-assembly
of functional PS II reaction centers during D1 pro-
tein turnover by preventing the obligatory reattachment
of newly synthesized β-carotene (Trebst and Depka,
1997).

The roles of tocopherol in photosynthesis can also
be elucidated by analysis of biosynthesis mutants
(Bishop and Wong, 1974; Graßes et al., 2001; Schledz
et al., 2001; Porfirova et al., 2002; Collakova and
DellaPenna, 2001, 2003; Havaux et al., 2003; Hofius
and Sonnewald, 2003; Sattler et al., 2003; Bergmüller
et al., 2003; Kanwischer et al., 2005). Very early on, a
tocopherol-deficient Scenedesmus mutant that showed
bleaching in high light was identified, but the precise lo-
cation of the mutated locus was not found and the mech-
anism of bleaching was not resolved (Bishop and Wong,
1974). More recently, a more targeted approach using
RNAi technology has yielded much more information
(Graßes et al., 2001). Antisense tobacco lines were pro-
duced by targeting the gene responsible for the geranyl-
geraniol conversion to the phytyl side chain. The leaves
of the antisense lines have very little tocopherol and the
plants are very sensitive to light, bleaching rapidly upon

exposure to high light. This phenotype was attributed
to the accumulation of singlet oxygen and the resultant
effects of oxidative stress on the thylakoid membranes,
as opposed to the high membrane stability maintained
by tocopherol in the wild type leaves (Havaux et al.,
2003).

Other cyanobacteria and Arabidopsis mutants defi-
cient in tocopherol synthesis cited above have thus far
given less convincing results with regard to tocopherol
function in photosynthesis. The Arabidopsis vte1 mu-
tant is a knockout in tocopherol cyclase and is hence
tocopherol-deficient (Porfirova et al., 2002). The mu-
tant has a very similar phenotype to wild type under
most growth conditions. However, in contrast to wild
type, vte1 leaves develop necrotic lesions when grown
under high light. Although cyanobacterial mutants with
lesions in phytylation, cyclization, or methylation steps
of tocopherol synthesis have been identified, there have
thus far been no reports of phenotypic effects. Recently,
Kanwischer et al. (2005) have characterised Arapidop-
sis plants where tocopherol cyclase has either been
deleted or overexpressed. They also examined double
mutants with either low ascorbate and low tocopherol,
or low glutathione and low tocopherol. These studies
with double mutants clearly show the compensatory ef-
fects of these three ROS scavengers (tocopherol, ascor-
bate and glutathione). However, the maize mutant sxd,
which is orthogogous to vte1, shows a much more se-
vere phenotype with accumulation of metabolites such
as anthocyanins and sugars and also starch in the leaves
(Sattler et al., 2003).

Taken together, these results indicate that tocopherol
deficiency becomes critical for photosynthetic function
only under high light growth conditions. High light
alone may not, however, be sufficient to generate P680
triplets and singlet oxygen at concentrations exceeding
D1 protein turnover rates. The role of the redox state of
PQ in the recombination reactions and the triplet yield
has already been stressed above. If D1 protein turnover
rates are high, this alone could be viewed as a singlet
oxygen scavenger system.

III. Ascorbate: A Key Player in Leaf
Development and Responses to
the Environment

It is tempting to categorize ascorbate primarily as a
low molecular weight antioxidant. However, consider-
able data reflect the central importance of this metabo-
lite in plant biology, with roles in hormone synthesis,
gene expression, cell division, and growth. Ascorbate
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is closely linked to photosynthesis, and current data
suggest that ascorbate metabolism can influence pho-
tosynthesis at several levels, including antioxidant de-
fense in the chloroplast, the control of nuclear gene
expression, and the regulation of stomatal opening.

A. Ascorbate in the Chloroplast

The production of superoxide and H2O2 as a result
of processes associated with photosynthesis has been
described many times previously (Asada, 1999; Foyer
and Noctor, 2000, 2003) and will not therefore be dis-
cussed here in detail. Chloroplasts contain a hierarchy
of H2O2-detoxification mechanisms in which ascorbate
plays a central role (Noctor and Foyer, 1998; Foyer and
Harbinson, 1999; Foyer and Noctor, 2000). Ascorbate
also functions in the systems that reduce the probabil-
ity of ROS generation in the chloroplast, particularly
the xanthophyll cycle, in which ascorbate provides the
reducing power necessary to convert violaxanthin to
zeaxanthin in the de-epoxidation sequence (Demmig-
Adams and Adams, 1992; Foyer and Harbinson, 1999).
Thus, like the regeneration of tocopherol discussed
above, the violaxanthin de-epoxidation reaction oxi-
dizes ascorbic acid in the lumen. Hence, two intrinsic
defense processes protecting PS II draw on the lumen
ascorbate pool. Since no kinetic evidence has been ob-
tained to indicate the presence of a thylakoid ascorbate
transport or re-reduction system, we must assume that
the high stromal ascorbate pool allows sufficient pas-
sive diffusion to meet these demands. Similarly, a pu-
tative lumenal ascorbate peroxidase (APX) form could
help draw ascorbate from the thylakoid lumen.

The abundant stromal ascorbate pool supports
the Mehler-peroxidase (water-water) cycle and the
ascorbate-glutathione cycle (Noctor and Foyer, 1998;
Asada, 1999), both of which use reducing power from
the photosynthetic electron transport chain via APX.
Chloroplasts contain high concentrations of all com-
ponents associated with H2O2 detoxification. The thy-
lakoid contains superoxide dismutase and APX, and
isoforms of these enzymes also exist in the stroma to-
gether with glutathione, ascorbate, MDHAR, DHAR,
and GR (Foyer and Noctor, 2000). APX was first re-
ported in chloroplasts by Groden and Beck (1979) and
Kelly and Latzko (1979), but cytosolic, mitochondrial,
glyoxysomal, and leaf peroxisomal isoforms have since
been characterized (Chen and Asada, 1989; Mittler
and Zilinskas, 1991; Amako et al., 1994; Yamaguchi
et al., 1995; Bunkelmann and Trelease, 1996; Jimenez
et al., 1997). Stromal and thylakoid-bound forms of
chloroplast APX are rapidly inactivated at ascorbate

concentrations below 20 μM (Hossain and Asada,
1984). As the ascorbate concentrations in the chloro-
plast and cytosol are likely to be 100–1000 times higher
than that necessary to prevent APX inactivation (Foyer
et al., 1983; Foyer and Lelandais, 1996), the physiolog-
ical significance of this process is not clear. The sen-
sitivity of the lumen APX to inactivation when ascor-
bate availability is restricted is unknown. However, the
non-chloroplastic isoforms are stable in the absence of
ascorbate (Chen and Asada, 1989; Yoshimura et al.,
1998).

Chloroplasts contain other proteins that may also
function in reductive detoxification of H2O2. Such en-
zymes include peroxiredoxins (PRX; Dietz et al., this
volume), glutathione-peroxidases (GPX; Eshdat et al.,
1997), and glutathione S-transferases (GST; Bartling
et al., 1993). It has been suggested that the chloro-
plast 2-cys peroxiredoxins (PRX) / thioredoxin (TRX)
system operate in a similar manner to the Mehler-
peroxidase cycle in the removal of H2O2 (Dietz, 2003).
Together, the chloroplast 2-Cys PRX/TRX and Mehler-
peroxidase reaction would allow very high rates of
H2O2 turnover. PRXs are clearly a key part of the in-
tricate web of chloroplast antioxidant defenses (Baier
et al., 2000; Dietz, 2003; Collin et al., 2003). Four
PRXs in Arabidopsis are predicted to be targeted to
the chloroplasts (Horling et al., 2003). To date, only
the physiological role of the 2-Cys PRX has been stud-
ied in detail in photosynthesizing cells (Baier and Di-
etz, 1999, Baier et al., 2000). 2-Cys PRX protects
photosynthesis from photo-damage and loss of this
antioxidant could not be fully compensated by other
components of the antioxidant network (Baier et al.,
2000). Ascorbate-regenerating enzymes were induced
in antisense Arabidopsis plants with decreased 2-Cys
PRX contents and the ascorbate pool became more ox-
idized indicating that loss of 2-Cys PRX placed an in-
creased oxidative load on the ascorbate system. The
antisense plants had greater amounts of mRNAs en-
coding thylakoid APX, stroma-soluble APX, and stro-
mal MDHAR, and this was reflected in markedly en-
hanced activity of the latter enzyme in leaf extracts
(Baier et al., 2000). These changes in expression were
correlated with increased oxidation of leaf ascorbate,
but not glutathione (Baier et al., 2000). The expression
of the gene encoding 2-Cys PRX (prx) is markedly in-
hibited by ascorbate (Horling et al., 2003). This would
suggest that in many growth conditions where leaf
ascorbate is very high, 2-Cys PRX expression would be
largely suppressed. This is an example of how cytoplas-
mic ascorbate content can modulate gene expression.
Antioxidant-mediated regulation of gene expression



252 Christine H. Foyer, Achim Trebst and Graham Noctor

appears to be a widespread phenomenon with many
repercussions for plant growth and defense, as dis-
cussed in the next two sections.

B. Ascorbate-Mediated Regulation of
Gene Expression

Just as Arabidopsis vte1 mutants have been useful in
elucidating the role of tocopherol in PS II (Porfirova
et al., 2002; Bergmüller et al., 2003; Kanwischer
et al., 2005), the ascorbate-deficient Arabidopsis mu-
tant, vtc1, has been an invaluable tool in elucidating
the roles of ascorbate in relation to the control of pho-
tosynthesis. Unlike the vte1 mutant, however, which
has a very similar phenotype to the respective Col
2 wild type under most conditions, the vtc1 mutant
grows more slowly than the Col 0 wild type when
grown under short days (Velojovic-Jovanovic et al.,
2001). We have recently shown that the smaller leaf
size observed in the vtc1 mutant is caused by a much
reduced cell size, presumably because limiting ascor-
bate prevents full cell expansion (authors unpublished
data). The vtc1 mutant, which was isolated via its sen-
sitivity to ozone, shows increased sensitivity to other
abiotic stresses such as freezing and UV-B irradiation
(Conklin et al., 1996). Microarray analysis was used
to identify genes that were differentially expressed in
vtc1 compared to Col 0 and also following feeding
vtc1 leaf discs with ascorbate (Kiddle et al., 2003;
Pastori et al., 2003). In addition to dramatic changes
in the abundance of transcripts encoding pathogene-
sis related (PR) proteins and similar proteins associ-
ated with plant defense responses against biotic stress,
effects of ascorbate on the abundance of transcripts
encoding chloroplast proteins were observed (Kiddle
et al., 2003). This occurs despite the fact that the rate
of photosynthesis was similar in vtc1 and Col 0 leaves
and rates of energy dissipation and electron transport to
alternative sinks such as oxygen were unchanged in the
mutant compared to the wild type (Veljovic-Jovanovic
et al., 2001; Pastori et al., 2003). This would suggest
that gene expression has a higher threshold for sens-
ing ascorbate depletion than the thermal dissipation re-
actions associated with photosynthesis. Thus, we can
envisage that changes in photosynthetic gene expres-
sion precede changes in photosynthetic metabolism as
ascorbate becomes depleted.

The concept that antioxidants could be signal trans-
ducing molecules leading to specific changes in gene
expression has only been established relatively recently
(Karpinski et al., 1997, 1999; Foyer and Noctor, 2000;
Noctor et al., 2000; Pastori et al., 2003). Low ascor-
bate in vtc 1 leads to the activation of a suite of

genes that might be considered to provide a molec-
ular signature of ascorbate deficiency in plants (Pas-
tori et al, 2003), while high ascorbate not only leads
to repression of these transcripts but can result also
in changes in other transcripts, at least in the short
term (Kiddle et al., 2003; Pastori et al., 2003). Tran-
scripts responsive to leaf ascorbate content include
electron transport chain components such as those of
the light harvesting system, PS I, PS II, and the oxygen-
evolving complex (Kiddle et al., 2003). Transcripts are
also affected for stromal enzymes such as glucose 6-
phosphate dehydrogenase (G6PDH), phosphoribulok-
inase (PRK), fructose-1,6-bisphosphatase (FBPase),
and sedoheptulose-1, 7-bisphosphatase (SBPase). The
abundance of G6PDH and CP12 transcripts are in-
creased by high ascorbate while mRNAs encoding
PRK, FBPase, and SBPase are decreased (Kiddle et al.,
2003). This suggests an inverse relationship between
regulation of enzymes whose activity is modulated by
TRX (G6PDH is inactivated by reduced TRX while FB-
Pase, SBPase, and PRK activities are activated) and the
high ascorbate-mediated changes in transcript abun-
dance (G6PDH induced while FBPase and SBPase
transcripts were repressed). This is a further example
of crosstalk between the two sources of reductant for
the major chloroplast peroxidases.

C. Ascorbate, Abscisic acid, and
Stomatal Regulation

Ascorbate may exert effects on stomatal opening in
at least two ways. First, ascorbate is a co-factor in
the synthesis of ABA, the phytohormone that regu-
lates stomatal pore size and hence entry of CO2 and
loss of water from the leaf. Stomatal pores close in re-
sponse to water stress through the action of ABA, which
causes an increase in cytosolic calcium concentrations
via H2O2–activated channels and release from the vac-
uole and other intracellular stores (Price et al., 1994;
Köhler and Blatt, 2002). Ascorbate-dependent dioxy-
genases are involved in the pathway of ABA biosyn-
thesis. In particular, ascorbate is required for activity of
9-cis-epoxycarotenoid dioxygenase (NCED), an en-
zyme catalyzing the formation of xanthoxin, a precur-
sor of ABA. It is noteworthy that NCED expression
is modulated by ascorbate, such that transcripts are
increased when ascorbate is low and decreased when
ascorbate is high (Pastori et al., 2003).

The second interaction between ascorbate and stom-
ata involves a role for ascorbate in regulating the redox
state of the guard cell apoplast. As mentioned in sec-
tion I, H2O2 interacts strongly with (ABA) signaling.
In particular, H2O2 is thought to fulfill a signaling role
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in guard cells, activating plasma membrane-localized
anion channels, leading to guard cell depolarisation,
potassium efflux, and loss of turgor and volume con-
cluding in stomatal closure (Schroeder et al., 2001a,b).
Although the significance of H2O2 in stomatal regu-
lation has been questioned (Köhler et al., 2003), two
genes encoding subunits of NADPH oxidase (AtrbohD
and AtrbohF) appear to be involved in stomatal clo-
sure, as well as in other ABA responses such as seed
dormancy (Kwak et al., 2003). Double mutants in
which both genes are inactivated show impaired closure
of stomata, an effect that can be reversed by exogenous
H2O2 (Kwak et al., 2003). These findings clearly impli-
cate oxidative processes in ABA signaling and suggest
that antioxidant status may be a factor that regulates
this signaling. Indeed, H2O2-induced stomatal closure
was reversed by the application of exogenous ascor-
bate, presumably reflecting H2O2-scavenging (Zhang
et al., 2001). Moreover, high constitutive expression of
DHAR in transgenic plants increased the amount of
ascorbate relative to DHA in leaves and guard cells
(Chen et al., 2003) and significantly affected guard
cell signaling and stomatal movement. The leaves of
the DHAR-overexpressors contained less H2O2 in the
guard cells and had a higher percentage of open stomata
and increased stomatal conductance (Chen and Gallie,
2004). These results would suggest that plants with
higher cellular ascorbate are better able to maintain
open stomata and hence photosynthesis, at least un-
der optimal conditions of water supply. The pH of the
apoplast is about pH 5.5–6.3 in well-watered plants
as opposed to about pH 7.2 in drought-stressed plants,
favoring a preferential accumulation of ABA and ascor-
bic acid in stomata under drought stress. The above
evidence suggests that the distribution of ascorbate be-
tween the cytoplasm and the apoplast could also be
influential in the regulation of stomatal opening. How-
ever, high apoplastic ascorbate concentrations would
act antagonistically to ABA by limiting the extent of
ABA-induced H2O2 accumulation.

ABA elicits H2O2 production on the apoplastic face
of the plasma membrane as part of the signaling process
required to promote stomatal closure (Pei et al., 2000;
Murata et al., 2001; Schroeder et al., 2001a,b; Zhang
et al., 2001). The influence of apoplastic ascorbate in
ABA signaling may be complex, and a key factor could
be the activity of peroxidases. Like other antioxidants,
ascorbate is capable of chemically reducing superoxide
to H2O2 (Allen and Hall, 1973; Polle, 2001). As ascor-
bate reduces H2O2 more slowly than it does superoxide,
ascorbate could increase rates of H2O2 production, if
both superoxide dismutation rates and peroxidase activ-
ities were limiting. However, it is clear that the apoplast

and cell wall contain numerous peroxidase activities
able to use ascorbate as a reductant (Vanacker et al.,
1998). Furthermore, the exact nature of the oxidizing
signal during the ‘oxidative burst’ is not yet fully elu-
cidated and, as is also the case for oxidative signals
associated with plant-pathogen interactions, the recep-
tor(s) immediately downstream remain(s) to be iden-
tified. Thus, it is likely that, even in the absence of
NADPH oxidase induction, the apoplastic ascorbate
pool could be important in regulating stomatal opening
by contributing to peroxidase-catalyzed detoxification
of H2O2.

D. Ascorbate Oxidase and the
Regeneration of Apoplastic Ascorbate

Apoplastic ascorbate is regarded as the first defense
against ozone (Burkey et al., 2003) and also ROS pro-
duced via the action of the plasma-membrane bound
H2O2-producing systems such as the NADPH oxidase
that is triggered, among other things, by ABA action
(Conklin and Barth, 2004). About 4 to 10% of the
leaf ascorbate pool resides in the apoplast (Noctor and
Foyer, 1998; Veljovic et al., 2001), giving an ascorbate
concentration in the low millimolar range. This frac-
tion depends on the overall ascorbate content of the
leaf since, for example, feeding the ascorbate precursor
L-galactono-1, 4-lactone enhanced apoplastic ascor-
bate as well as total leaf ascorbate (Maddison et al.,
2002) while no apoplastic ascorbate was detectable in
the ascorbate–deficient vtc1 Arabidopsis mutant, which
has only 30% of the total leaf ascorbate of the wild-type
(Veljovic-Jovanovic et al., 2001).

The redox state of the apoplastic ascorbate pool,
which can be defined as % total ascorbate in the reduced
form, i.e. 100 [ascorbate] / ([MDHA] + [DHA] +
[ascorbate]), may be a key regulator of apoplastic de-
fense and redox-linked signaling. The apoplast con-
tains ascorbate oxidases (AO) whose function is to pro-
duce MDHA and DHA, thus removing ascorbate in
such a way as to regulate growth and signal transduc-
tion processes (Pignocchi and Foyer, 2003; Pignocchi
et al., 2003). The effect of AO on the redox state of
the apoplastic ascorbate pool and ozone tolerance has
been clearly demonstrated in transformed plants with
an AO transgene expressed in the sense or antisense
orientation. High constitutive over-expression of AO in
tobacco decreased the apoplastic ascorbate redox state
to only 3% without any appreciable effect on the total
leaf ascorbate accumulation or the redox state of the
whole leaf ascorbate pool (Pignocchi et al., 2003). The
decrease in apoplastic ascorbate greatly enhanced leaf
injury upon chronic ozone exposure (Sanmartin et al.,
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2003). These results with AO transgenic plants also
show that a steep ascorbate gradient can be maintained
across the plasma membrane such that the ascorbate
redox state of the apoplast can be very different (i.e.,
much more oxidized) from that of the cytosol, which is
largely reduced under most conditions. This gradient
arises because of the very low capacity of the apoplast
to reduce MDHA and DHA and is linked to transport
across the plasma membrane. An ascorbate-reducible
transmembrane b-type cytochrome c (PM cyt b561) has
been shown to reduce apoplastic MDHA to ascorbate
(Asard et al., 2001). Also, an NADH-MDHAR is asso-
ciated with the cytoplasmic face of the plasma mem-
brane (Berczi and Møller, 1998). Moreover, apoplastic
DHA is actively transported across the plasma mem-
brane to be reduced by DHAR in the cytosol (Horemans
et al., 2000). In animals, the major ascorbate carriers are
nucleobase sodium-dependent L-ascorbic acid trans-
porters (NATs; Tsukaguchi et al., 1999). Although a
number of plant NATs have been identified, none to
date has been shown to facilitate transport of ascorbic
acid. In plants, ascorbate is taken up in both its reduced
and oxidized (DHA) forms (Horemans et al., 2000).
In animals, DHA transport is facilitated by GLUT-type
glucose transporters (Liang et al., 2001). Intracellular
transport of ascorbate is another question requiring res-
olution. Ascorbate may be transported from its place
of synthesis by mitochondrial proteins that transport
both DHA and glucose (possibly by a closely related
transport system) as well as ascorbic acid. Chloroplasts
also contain a glucose transporter that is considered to
be closely related to the mammalian GLUT transporter
family but differs from other known plant hexose trans-
porters (Weber et al., 2000). DHA and ascorbic acid are
transported into the chloroplast stroma through the en-
velope membrane via carrier-mediated facilitated dif-
fusion (Foyer and Lelandais, 1996; Horemans et al.,
1998). The low affinity of the envelope carrier for ascor-
bate indicates that pathways of ascorbate regeneration
are vital in maintaining high concentrations of this an-
tioxidant in the chloroplasts.

E. Respiration, Reactive Oxygen and
Ascorbate Biosynthesis

1. Plant Mitochondria and Reactive Oxygen

The potential of plant mitochondria as an important
source of ROS had not been appreciated until rela-
tively recently (Møller, 2001), because reactions asso-
ciated with photosynthesis have a much greater capac-
ity for superoxide and hydrogen peroxide generation

than respiration (Vanlerberghe and Ordog 2002; Foyer
and Noctor, 2003). In darkness, however, mitochon-
drial respiration is likely the major source of ROS, even
in green tissues. Similarly, in non-photosynthetic cells
that are not actively degrading lipid, the mitochondrion
is likely to be the major source of ROS (Puntarulo et al.,
1991). Although it is clear that the respiratory chains
of both animal and plant mitochondria are capable of
producing ROS, there is no clear consensus in the lit-
erature as to the quantity of ROS produced (Møller,
2001). Reported rates of either superoxide or hydro-
gen peroxide production in isolated mitochondria from
a range of plant species vary by almost two orders of
magnitude (summarised in Møller, 2001).

Although the exact site of this ROS production in
plant mitochondria has not been formally established,
the transfer of single electrons to oxygen to form su-
peroxide can occur via electron transport carriers with
an appropriate (i.e. sufficiently low) redox potential.
The high degree of conservation of electron trans-
port chain components between plant and animal mi-
tochondria suggests common sites of superoxide pro-
duction. In animals, there are two defined sites in the
respiratory chain where single electrons can be trans-
ferred to molecular oxygen resulting in the formation
of the superoxide anion. These are complex I (the ma-
jor NADH-ubiquinone oxidoreductase) and complex
III (ubiquinol-cytochrome c oxidoreductase) (Boveris
et al., 1972; Beyer, 1990). Both of these complexes
are involved in ubiquinone-ubiquinol interconversions
and it is the presence of the reaction-intermediate rad-
ical, ubisemiquinone, that is thought to be responsible
for electron leakage from both complexes (Raha and
Robinson, 2000). However, the exact mechanism and
site of ubisemiquinone production within complex I
has not been fully elucidated (Beyer, 1990; Du et al.,
1998). Iron-sulphur centres and/or the flavin active site
are also possible sources of superoxide (Genova et al.,
2001; Liu et al., 2002). In contrast, the topology of the
Q cycle within complex III is well established and it is
known that ubisemiquinone occurs twice in the cycle,
either close to the intermembrane-space side of com-
plex III, or close to the matrix side (Trumpower, 1990).
Thus, the activity of complex III can lead to the genera-
tion of superoxide both in the mitochondrial matrix and
in the intermembrane space (Han et al., 2001). Com-
pared to animals, where mitochondrial ROS generation
has been shown to cause ageing, degenerative diseases,
cancer, and programmed cell death (Liu et al., 2002),
relatively little is known about the role of mitochondria
in related processes in plants. However, PCD in plants
appears to involve ROS generated in mitochondria and
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release of cytochrome c as it does in animals (Sweetlove
and Foyer, 2004). Moreover, studies of plant complex
I mutants have provided evidence that mitochondrial
electron transport partitioning is a key factor in cellu-
lar NADH homeostasis, and is important in control-
ling oxidative load and setting the cellular redox-stat
(Dutilleul et al., 2003a,b; Noctor et al., 2004).

2. Respiration and Ascorbate Synthesis

Mitochondria, like other compartments of the plant
cell, house both enzymic and non-enzymic antioxidants
to prevent ROS accumulation (Møller, 2001; Sweetlove
and Foyer, 2004). In addition, plant mitochondria ful-
fill a unique role in plant redox metabolism as they are
the site of synthesis of ascorbic acid, the major redox
buffer of plant cells. Although ascorbic acid is a high
abundance metabolite, with many important functions
in plant biology, relatively little is known about the
factors controlling its accumulation in leaves (Noctor
and Foyer, 1998; Smirnoff and Wheeler, 2000). The
biosynthetic pathway proposed by Wheeler et al. (1998)
probably represents the major pathway of ascorbate
production in plants. However, other routes have been
demonstrated and several biosynthetic pathways may
coexist (Davey et al., 1999; Agius et al., 2003; Smirnoff
et al., 2004). Regardless of the early steps of ascorbate
biosynthesis, the final step in all schemes proposed to
date is catalyzed by L-galactono-1, 4-lactone dehydro-
genase (GLDH; Ôba et al., 1995; Østergaard et al.,
1997; Pallanca and Smirnoff, 1999; Siendones et al.,
1999; Bartoli et al., 2000), an enzyme located in the
inner mitochondrial membrane. Isolated mitochondria
produce ascorbate when supplied with the substrate
L-galactono-1, 4-lactone, using the respiratory chain
cytochrome c as the electron acceptor (Siendones et al.,
1999; Bartoli et al., 2000). Thus, ascorbate synthesis in
isolated mitochondria is inhibited by KCN and stimu-
lated by antimycin A, confirming that GLDH activity is
restricted by the availability of oxidized cytochrome c
(Bartoli et al., 2000). GLDH is encoded by a single gene
in Arabidopsis, cauliflower, sweet potato, and tobacco
(Østergaard et al., 1997; Imai et al., 1998; Yabuta et al.,
2000). Antisense suppression of GLDH in synchronous
BY-2 tobacco cell cultures resulted in a decline in en-
zyme activity and a 30% reduction in ascorbate levels
(Tabata et al., 2001). The decrease in cellular ascor-
bate had a pronounced negative effect on cell division,
growth, and cell structure.

Little is known about the factors that regulate the
expression of GLDH and other enzymes of ascorbate
synthesis. Light appeared to be an essential trigger for

expression of GLDH transcripts over a five day period
in tobacco leaves (Tabata et al., 2002) and conversion
of exogenously-supplied L-galactono-1, 4-lactone to
ascorbate over 24 h was increased by light treatment of
barley leaf slices (Smirnoff, 2000). However, there is
some indication of interspecific variation with regard
to diurnal regulation of GLDH transcript abundance,
since this was observed in Arabidopsis (Tamaoki et al.,
2003), but not in tobacco (Pignocchi et al., 2003).

GLDH is bound to mitochondrial complex I in
Arabidopsis and regulated by the activity of the elec-
tron transport chain (Heazlewood et al., 2003; Millar
et al., 2003). Inhibition of complex I electron transport
by rotenone also inhibits ascorbate biosynthesis in in-
tact mitochondria. Respiration and ascorbate synthesis
appear to be intricately co-ordinated and mitochondria
might therefore have a profound influence on the abil-
ity of the plant to produce ascorbate during stress. We
have recently shown that there is no relationship be-
tween GLDH protein/maximal activity and ascorbate
content in the leaves of a range of plant species (Bartoli
et al., 2004). Since GLDH catalyzes the final step of
ascorbate synthesis, and is regulated by the rate of respi-
ration in Arabidopsis (Millar et al., 2003), it is perhaps
not surprising that the absolute amount of GLDH pro-
tein or activity is not always indicative of the capacity
for ascorbate accumulation.

Ascorbate synthesis in leaves is light-dependent
(Smirnoff and Pallanca, 1996). Leaves from high light
grown plants tend to have more ascorbate than those
grown at lower light (Gillham and Dodge, 1987).
Ascorbate accumulates in plants exposed to continu-
ous light (Morimura et al., 1999) and transfer from
low light to high light can prompt rapid increases in
leaf ascorbate contents (Eskling and Åkerlund, 1998).
Moreover, a positive correlation between leaf ascorbate
contents and light has been found in natural environ-
ments (Logan et al., 1996). It would appear that light-
dependent ascorbate accumulation is an indirect effect
of the increased substrate availability in plant tissues
(Smirnoff and Pallanca, 1996), but this remains to be
proven. However, ascorbate appears to be the major
sink for photoassimilate in the leaves of certain alpine
plants (Streb et al., 2003). Since high ascorbate contents
tend to be associated with stress tolerance, it is tempt-
ing to suggest that its biosynthesis may be regulated by
redox triggers, and particularly ROS. Perturbation of
mitochondrial redox processes in a complex I-deficient
mutant is associated with altered expression of several
antioxidant components, both within and outside the
mitochondrion (Dutilleul et al., 2003b). Though ascor-
bate contents are not increased in this mutant, and much
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remains to be discovered concerning the mitochondrial
signals and sensors that perceive stress and orchestrate
appropriate responses, it is clear that mitochondrial sig-
nals linked to redox reactions influence stress resis-
tance.

Taken together, the results discussed above present
a complex picture with regard to the regulation of
ascorbate synthesis and accumulation. Influential fac-
tors include metabolic limitations and environmen-
tal cues, where light, photosynthesis, respiration, and
stress act synchronously to determine the extent of
ascorbate accumulation in leaves. This is perhaps not
surprising given the multiple roles of ascorbate in
plants.

IV. Glutathione and the Importance of
Cellular Thiol/Disulfide Status

Like ascorbate, glutathione is a multifunctional com-
pound with functions that extend beyond the antioxida-
tive system (Alscher, 1989; Rennenberg, 1997; May
et al., 1998; Noctor and Foyer, 1998). It is indis-
putable, however, that a major role of glutathione is
as a thiol/disulfide buffer, i.e. to allow appropriate con-
ditions for protein function. We have recently reviewed
the regulation of GSH biosynthesis and function (Foyer
et al., 2005) and thus we will describe only certain key
features below. A major aim of the following discussion
is to situate the GSH/GSSG couple within the context
of redox signaling in the soluble phase of photosyn-
thetic cells.

A. Glutathione and Antioxidant Defense

Even in the absence of an enzyme, glutathione is able
to interact rapidly with free radicals such as superox-
ide and the hydroxyl radical (Polle, 2001). In addition,
glutathione plays an important role in peroxide detoxifi-
cation through several possible enzyme systems. First,
GSH can regenerate ascorbate (Fig. 1), either directly
or through the action of various enzymes able to cat-
alyze DHA reduction, including glutaredoxins (GRX)
and GSTs (Wells et al., 1990; Trumper et al., 1994;
Shimaoka et al., 2000; Urano et al., 2000; Dixon et al.,
2002). Secondly, both GRX and GSTs can also re-
duce hydroperoxides to the corresponding alcohol or
H2O (Bartling et al., 1993; Collinson et al., 2002).
Third, certain PRXs are regenerated by a GR/GRX
system (Rouhier et al., 2002). Fourth, specific glu-
tathione peroxidases (GPXs) exist in plants (Eshdat
et al., 1997). Genes encoding plant GPXs have been

cloned from a wide variety of plant species, and in-
clude genes encoding proteins targeted to the chloro-
plast (Mullineaux et al., 1998). Along with certain
GSTs, some GPXs are among genes strongly induced
by oxidative stress (Levine et al., 1994; Willekens et al.,
1997). As for PRX, the reaction mechanism of plant-
type GPXs involves cysteine residues, contrasting with
mammalian H2O2-detoxifying GPXs (which involve
selenocysteine) and with other plant peroxidases (APX,
guaiacol-type peroxidases), which contain heme. All
plant GPX cDNAs isolated to date show high homology
to the mammalian phospholipid hydroperoxide glu-
tathione peroxidases (PHGPX), which have a higher
affinity to lipid hydroperoxides than to H2O2. This is
explained by the absence of selenocysteine at the ac-
tive site, which diminishes the nucleophilic properties
of the enzyme and probably accounts for its much lower
activity with H2O2. It has also been demonstrated that at
least two plant PHGPXs probably represent a novel iso-
form of TRX peroxidase, exhibiting much higher oxi-
dation activity for TRX than for glutathione (Herbette
et al., 2002; Jung et al., 2002). H2O2 is the preferred
substrate for TRX peroxidase. PHGPXs are induced by
a wide range of biotic and abiotic stresses, suggesting
that they play a specific role in limiting the extent of
lipid peroxidation during stress by removing phospho-
lipid hydroperoxides and H2O2.

B. Glutathione and Gene Expression
in Plants

GSH is a physiological regulator of many thiol-
disulphide exchange reactions, including chloroplast
transcription (Liere and Link, 1997). GSH can be a
strong inducer of defense gene expression (Wingate
et al., 1988; Dron et al., 1988). GSH induces
pathogenesis-related (PR) gene expression in a simi-
lar manner to salicylic acid (SA; Mou et al., 2003).
Of the transcriptome changes caused by ascorbate de-
ficiency in vtc1, the specific induction of PR proteins
in the absence of any major changes in expression of
antioxidant defense transcripts was perhaps the most
unexpected (Pastori et al., 2003; Kiddle et al., 2003).
The pathway of ascorbate-mediated induction of PR
genes has been suggested to involve both enhanced
ABA (Pastori et al., 2003) and enhanced SA (Barth
and Conklin, 2004). It has long been known that dur-
ing systemic acquired resistance (SAR), SA induces the
concerted expression of PR genes. These encode small
proteins that are either secreted from the cell or targeted
to the vacuole (Sticher et al., 1997). Mutants at a single
locus, npr1, nonexpressor of PR genes (also known
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as nim1 and asi1), block SA signaling in Arabidopsis.
It has recently been shown that thiol-disulphide ex-
change reactions involving glutathione are crucial for
PR gene expression (Mou et al., 2003). Thus, induction
of PR gene expression in vtc1 may at least partly be due
to the small but significant increase in GSH and total
glutathione present in vtc 1 leaves (Veljovic-Jovanovic
et al., 2001).

Thiol/disulfide exchange is crucial in SAR, particu-
larly due to the mechanism of activation of NPR1. The
NPR1 gene encodes a protein containing a bipartite
localization sequence and accumulates in the nucleus
in response to both chemical and biotic inducers of
SAR (Kinkema et al., 2000). The nuclear localization
of the NPR1 protein is a prerequisite for PR gene ex-
pression, and is determined by oligomerization. NPR1
is localized in the cytosol as an oligomer or in the nu-
cleus as a monomer. The balance between these two
forms is modulated by thiol-disulphide exchange reac-
tions that can be influenced by GSH and GSSG (Mou
et al., 2003). Inducers of SAR, such as SA, regulate
PR gene expression through redox changes in NPR1.
In order to be active, NPR1 has to be reduced to the
monomeric form that is then able to move to the nu-
cleus to induce PR gene expression.

The NPR1 signal transduction pathway is highly
conserved between plant species. Any biotic or abi-
otic stimulus that can perturb the cellular redox state
may serve to upregulate the same set of defense genes
via the NPR1 pathway (Mou et al., 2003). This may
also explain PR gene expression in catalase-deficient
mutants (Willekens et al., 1997). Catalase deficiency is
associated with extensive oxidation of the glutathione
pool and greatly enhanced glutathione accumulation
(Smith et al., 1984; Willekens et al., 1997; Noctor et al.,
2000), reminiscent of that observed in plant-pathogen
interactions (Vanacker et al., 2000; Mou et al., 2003).
In this situation, SAR induction involves an early burst
of ROS and a transient or more sustained increase in
oxidative signals followed by a sharp decrease in cel-
lular reduction potential as a result of accumulation of
antioxidants such as GSH.

The enzymes of GSH synthesis and metabolism are
induced together in response to stress (Mittova et al.,
2003). This suggests that there is considerable over-
lap in the signal transduction cascades that induce the
genes encoding the enzymes of GSH synthesis and
those involved in the induction of GPX homologous
genes by singlet oxygen (Op den Camp et al., 2003)
and GST1 by H2O2 (Rentel and Knight, 2004).

Recent evidence based on molecular genetics
suggests that gamma-glutamylcysteine synthetase

(γ -ECS) may fulfill a signaling function as well as a
catalytic role (Ball et al., 2004; Foyer at al. 2005). More-
over, the intra-cellular distribution of the GSH biosyn-
thetic enzymes between the chloroplast and cytosol has
been questioned, suggesting that not only GSH syn-
thesis but also GSH sensing may be more important
in the cytosol than the chloroplasts of photosynthetic
cells (Foyer at al., 2005). Similarly, many questions
with regard to the transport of gamma glutamylcysteine
(γ -EC), GSH, and GSSG remain to be answered, but it
appears likely that the chloroplast transport system is
rather different from that of other membranes (Foyer at
al., 2005).

C. The Glutathione Redox Couple and
Sensing of Reactive Oxygen

Thiol/disulfide exchange is likely a key mechanism in
sensing and relaying redox changes, including those
linked to increases in ROS production. The TRX sys-
tem is well known in plants as a redox signal trans-
ducer that mediates light/dark signaling through post-
translational modification of target proteins (Buchanan,
1991; Schürmann and Jacquot, 2000). Thiol/disulfide
exchange involves changes in protein conformation
that are both reversible and stable, and key roles for such
processes in ROS sensing probably await discovery in
plants. In E.coli, the oxyR transcription factor senses
changes in redox state through reversible thiol/disulfide
exchange that affects its DNA-binding activity (Bauer
et al., 1999). In yeast, the transcription factor YAP-1
is a redox sensor that induces a regulon of several genes
in response to peroxides. Like oxyR, YAP-1 operates
through thiol/disulfide exchange, and like NPR1 its
localization is dependent on thiol status. In the case
of YAP-1, oxidation of two Cys residues to form an
intramolecular disulfide bond acts to trap the protein
in the nucleus, thereby increasing its activity (Kuge
et al., 1997). Recently, it has been shown that YAP-1
is oxidized via H2O2 reduction by a GPX-like protein
(Delauney et al., 2002). Re-reduction of YAP-1 may
occur by a TRX-dependent pathway (Delauney et al.,
2002). Although no sequences homologous to YAP-1
have as yet been identified in plants, there could be
components that function in a similar way.

Many stresses cause net oxidation of the glutathione
pool, often accompanied or followed by increases in
total glutathione (Smith et al., 1984; Sen Gupta et al.,
1991; Willekens et al., 1997; Noctor et al., 2002b;
Gomez et al., 2004). An important mechanism in per-
ceiving this redox perturbation could be glutathiony-
lation of proteins. In this process, glutathione forms
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a mixed disulfide with a target protein, with possi-
ble important consequences for activity of enzymes
and components such as transcription factors. In yeast
and animals, glutathionylation is considered likely to
play an important role in redox signaling, as well as in
the protection of protein structure and function (Klatt
and Lamas, 2000). Glutathionylation can occur as a
result of either increases in GSSG concentration or
through ROS-mediated oxidation of thiols to thiyl rad-
icals (Starke et al., 2003). The process is likely re-
versed by specific GRXs and/or TRXs. Both these types
of redox-active proteins are encoded by quite large
gene families in plants (Lemaire, 2004) and consid-
erable work will be required to elucidate the functions
of specific members. A recent report has shown that
two Calvin cycle enzymes (aldolase and triose phos-
phate isomerase) undergo glutathionylation (Ito et al.,
2003), and that glutathionylation of recombinant triose
phosphate isomerase in vitro caused inactivation of the
enzyme (Ito et al., 2003).

D. Glutathione Synthesis and the Redox
State of the Cell

In animal cells, substantial evidence implicates re-
dox potential as an important factor determining cell
fate, and the glutathione redox couple is considered
the key player (Schäfer and Buettner, 2001). Unlike
many other redox couples such as ascorbate/DHA and

NADPH/NADP, the glutathione redox potential de-
pends on both GSH/GSSG and absolute glutathione
concentration. Because the concentration-dependent
term of the Nernst equation is second-order with re-
spect to GSH but first-order with respect to GSSG,
accumulation of GSH can offset the change in re-
dox potential caused by decreases in the GSH/GSSG
ratio.

As noted above, various stress conditions cause not
only net oxidation of the glutathione redox couple, but
also increases in the total glutathione pool. The simplest
explanation of this effect is that oxidation of glutathione
causes activation of glutathione synthesis. This would
represent a homeostatic mechanism in which increases
in [GSH] act to offset decreases in [GSH]/ [GSSG].
This point can be illustrated by data produced from
maize leaves exposed to a 2 day chilling period fol-
lowed by two days recovery at optimal growth tem-
peratures (Gomez et al., 2004). Table 1 shows how
chilling and recovery affect the overall glutathione re-
dox potential, which is calculated from the measured
% reduction of leaf glutathione and the fold increase
in the total pool. Because we do not know the abso-
lute concentration of glutathione in the different cell
compartments, we have calculated data for the likely
range in the chloroplast and cytosol (2-10 mM; Noctor
et al., 2002a). Neither the GSH/GSSG ratio nor the total
glutathione pool was modified during the chilling pe-
riod. Thus, the leaf was able to maintain an unchanged
glutathione redox potential at low temperature. Upon

Table 1. Calculated changes in the redox potential of the glutathione pool in response to chilling in maize: the compensatory effect
of up-regulated glutathione synthesis.

Experimentally obtained values for glutathione (Gomez et al., 2004) were converted to redox potentials of the GSH/GSSG couple
for different assumed total pool sizes, ranging from 2 to 10 mM (Noctor et al., 2002). Midpoint redox potential at pH 7 (Em7) of
glutathione was taken as −240 mV (Foyer and Noctor, 2000; Schafer and Buettner, 2001), and the actual redox potential at pH 7 was
calculated as Em7 − 29.6 log ([GSH]2/[GSSG]), where concentrations were expressed as M (Schafer and Buettner, 2001). Control:
redox potential calculated from measured % reduction for leaves maintained at 25/19◦C. Recovery: redox potential calculated from
measured % reduction and measured increase in total glutathione (1.7-fold) following transfer to 10/8◦C day/night for two days and
then transfer back to 25/19◦C. Constant pool size: redox potential calculated from measured % reduction in Recovery leaves but
assuming total glutathione as in Control leaves; ie, these values show the hypothetical redox potential that would result from the
observed decreases in GSH/GSSG without the observed increased accumulation of total glutathione.

Condition Total glutathione (pool size) % GSH Redox potential (mV)

Control Minimum (2 mM) 95.9 −209
Intermediate (5 mM) 95.9 −221
Maximum (10 mM) 95.9 −230

Recovery Minimum × 1.7 89.5 −202
Intermediate × 1.7 89.5 −214
Maximum × 1.7 89.5 −223

Constant pool size Minimum (2 mM) 89.5 −195
Intermediate (5 mM) 89.5 −207
Maximum (10 mM) 89.5 −216
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return to optimal temperatures, however, GSSG in-
creased from 34 (control leaves) to 146 (recovery) nmol
g−1FW, causing a 3-fold decrease in GSH/GSSG. Ta-
ble 1 shows that this change means that the redox
potential becomes more positive by 7 mV (Table 1;
compare ‘recovery’ and ‘control’). However, the in-
crease in GSH associated with the 1.7-fold increase in
total glutathione means that this change is only half
of that (14 mV) which would occur if GSH/GSSG de-
creased 3-fold but [GSH] + [GSSG] remained constant
(Table 1; compare ‘recovery’ and ‘constant pool size’).
Thus, induction of glutathione accumulation acts as
a mechanism to offset chilling-initiated oxidation of
glutathione, though it is clear that the maize leaf is
unable to activate glutathione synthesis to fully com-
pensate for this sustained oxidation. The nature of the
link between redox state perturbation and enhanced
glutathione accumulation is unresolved to date. Avail-
able data suggest at least two links. First, the activity
of adenosine phosphosulfate reductase, a key enzyme
in sulfate assimilation, may be activated by decreases
in GSH/GSSG (Bick et al., 2001). Second, H2O2 or
GSH/GSSG ratio dominates control of the translation
of γ -glutamylcysteine synthetase, the first and limit-
ing enzyme in the synthesis of glutathione (Xiang and
Oliver, 1998).

E. Coupling of the Ascorbate and
Glutathione Pools

Redox coupling between ascorbate and glutathione is a
universal phenomenon in cells that contain both com-
pounds (Fig. 1). This coupling is a necessary part of
a H2O2 detoxification pathway in chloroplasts, linked
to ascorbate peroxidation (Foyer and Halliwell, 1976;
Anderson et al., 1983a, b). GSH can regenerate ascor-
bate from DHA both chemically and by acting as the re-
ductant for several enzymes with DHAR activity. There
remains some uncertainty regarding the importance
of DHARs in chloroplasts. The relative redox poten-
tials of the ascorbate and glutathione couples strongly
favor net electron flow from GSH to DHA (Fig. 1;
Foyer and Noctor, 2000), a reaction that can occur at
significant rates even in the absence of DHAR, par-
ticularly at alkaline pH values (Winkler, 1992; Polle,
2001). Under conditions that cause high fluxes of ascor-
bate peroxidation, however, DHAR activity is neces-
sary to ensure effective maintenance of the reduced
ascorbate pool (Polle, 2001). Glutathione disulphide
(GSSG) generated as a result of this reaction is sub-
sequently reduced by GR. Evidence in support of the
roles of GR and DHAR in this coupling has come from

analysis of transformed plants over-expressing these
enzymes (Foyer et al., 1995; Chen et al., 2003). The
significance of the degree of coupling of the ascor-
bate and glutathione pools in different leaf compart-
ments, particularly in relation to signal transduction,
has been discussed previously (Noctor et al., 2000). A
detailed mathematical model has provided an excellent
means of analyzing the relationship between chloro-
plastic superoxide production and changes in ascor-
bate and glutathione (Polle, 2001). Recently, evidence
has been provided for the presence of a glutathione-
independent pathway of ascorbate regeneration from
DHA in tobacco BY-2 cell cultures (Potters et al., 2004).
The glutathione-independent pathway of ascorbate re-
generation remains to be elucidated, but other antioxi-
dants such as lipoic acid can reduce oxidized ascorbate.
Moreover, other thiol-containing proteins, particularly
those with a dicysteinyl motif, are capable of fulfilling
a similar function as DHAR. In animals, this activity
can be catalyzed by proteins such as GRXs and pro-
tein disulphide isomerases (Wells et al., 1990). Such
proteins, as well as the TRX/TRX reductase system
(Wells et al., 1990; Hou et al., 1999; Potters et al., 2002)
and certain types of trypsin inhibitor (Trumper et al.,
1994), might also catalyze the reaction in plants. The
TRX/TRX reductase system has established links to
the ascorbate/glutathione cycle since accumulation of
DHA and GSSG will tend to inactivate TRX f–activated
enzymes (Nishizawa and Buchanan, 1981) and ascor-
bate modulates the transcription of TRX-modulated
proteins (Kiddle et al., 2003). Taken together, these
observations suggest that various pathways of DHA
reduction exist in plant cells. While the importance
of mechanisms identified in vitro remains to be elu-
cidated, the presence of numerous components that
allow ascorbate to be regenerated from DHA in a GSH-
independent manner suggests a high degree of flexibil-
ity in regulation and signaling.

V. Conclusions and Perspectives: All for
One and One for All?

Tocopherol, ascorbate, and glutathione are central com-
ponents of plant antioxidant defenses acting together
to limit ROS life-time and accumulation (Mullineaux
et al., this volume). Like Dumas’ Three Musketeers,
and together with D’Artagnan (NADPH), these com-
pounds fight the potentially villainous ROS in a unified
fashion, with a high degree of coupling that provides
inter-dependency in the regenerative cycle and some
compensation of function. Nevertheless, there is clear
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distinctiveness to be found in their specificity of de-
fense function and, we suggest, specificity of signaling.
The antioxidant role of tocopherol is the elimination of
singlet oxygen while ascorbate and glutathione con-
trol hydrogen peroxide accumulation, but also other
species such as superoxide and hydroxyl radicals
(Polle, 2001).

The cycling of antioxidants is not tightly coupled
under all conditions, allowing a high degree of inde-
pendent function for each pool. The amounts and ex-
tent of coupling between these antioxidants can provide
precise information on redox state and buffering capac-
ity in specific locations, e.g. tocopherol on membrane
redox buffering capacity, ascorbate on the overall avail-
ability of reductant in the hydrophilic phase, and glu-
tathione on the thiol/disulphide status of the cell, par-
ticularly in relation to the thiol/disulphide status of
proteins. Ascorbate and glutathione differentially mod-
ulate gene expression. The effects of ascorbate defi-
ciency and feeding on gene expression demonstrate the
extensive metabolic cross-talk between the different
defense processes in plants. Glutathione has compa-
rable roles in orchestration of defense gene expression
particularly during SAR. Oxidation caused by triggered
ROS production plays a key part in determining leaf re-
sponses to stress. This inherently involves a change in
cellular redox potential and, if the ascorbate and glu-
tathione pools are well coupled, an increase in GSSG.
An accumulation of GSSG precedes a net increase in
the glutathione pool and this appears to be a salient fea-
ture triggering SAR. A net oxidation of the glutathione
pool, followed by an increase in total leaf GSH, for ex-
ample, occurs in barley leaves upon attack by Blume-
ria gramis, the fungus that causes powdery mildew
(Vanacker et al., 2000) and in catalase-deficient mu-
tants upon exposure to air after growth in CO2 enriched
conditions (Noctor et al., 2002b). Net GSH synthesis
not only buffers changes in cellular redox state but it
also causes changes in the intracellular localisation of
NPR1, as discussed above.

Moreover, a clear mechanism is beginning to be de-
fined through which increased ROS production and/or
increases of GSSG could be signaled through post-
translational modification of proteins by glutathionyla-
tion. In animals and yeast, targets for glutathionylation
include signal transduction components such as tran-
scription factors (Klatt and Lamas, 2000) and recent
data demonstrate that this process also occurs in plants
(Ito et al., 2003). Signal transduction processes associ-
ated with tocopherol have not yet been described. How-
ever, singlet oxygen overproduction clearly impacts on
gene expression (Op den Camp et al., 2003) and, we

consider that as for ascorbate and glutathione, it may
soon be shown that tocopherol exerts a significant influ-
ence on cellular control mechanisms linked to changes
in redox state.
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ization of an Arapidopsis mutant deficient in γ -tocopherol
methyltransferase. Plant Mol Biol 52: 1181–1190

Beyer RE (1990) The participation of coenzyme Q in free radical
production and antioxidation. Free Radic Biol Med 8: 545–565

Bick JA, Setterdahl AT, Knaff DB, Chen Y, Pitcher LH, Zilinskas
BA and Leustek T (2001) Regulation of the plant-type
5’-adenylylsulfate reductase by oxidative stress. Biochemistry
40: 9040–9048

Bishop NI and Wong J (1974) Photochemical characteristics of
a vitamin E deficient mutant of Scenedesmus obliquus. Ber
dtsch bot Ges 87: 359–371

Boveris A, Oshino N and Chance B (1972) The cellular produc-
tion of hydrogen peroxide. Biochem J 128: 617–630
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Alterations in tocopherol cyclase activity in transgenic and
mutant plants of Arapidosis affect tocopherol content, toco-
pherol composition, and oxidative stress. Plant Physiol 137:
713–723.

Karpinski S, Escobar C, Karprinska B, Creissen G and
Mullineaux PM (1997) Photosynthetic electron transport reg-
ulates the expression of cytosolic ascorbate peroxidase genes
in Arabidopsis during excess light stress. Plant Cell 9: 627–640

Karpinski S, Reynolds H, Karpinksa B, Wingsle G, Creissen G
and Mullineaux PM (1999) Systemic signaling and acclima-
tion in response to excess excitation energy in Arabidopsis.
Science 284: 654–657

Kelly GJ and Latzko E (1979) Soluble ascorbate peroxidase.
Naturwissenschaften 66: 377–382

Keren N, Gong.H and Ohad I (1995) Oscillations of reaction
center II-D1 protein degradation in vivo induced by repetitive
light flashes. J Biol Chem 270: 806–814

Keren N, Berg A, van Kann PJM, Levanon H and Ohad I (1997)
Mechanism of photosystem II inactivation and D1 protein
degradation at low light: the role of back electron flow. Proc
Natl Acad Sci USA 94: 1579–1584

Kiddle G, Pastori GM, Bernard S, Pignocchi C, Antoniw J,
Verrier PJ and Foyer CH (2003) Effects of ascorbate signal-
ing on defense and photosynthesis genes. Antioxidant Redox
Signaling 5: 23–32



264 Christine H. Foyer, Achim Trebst and Graham Noctor

Kimura M., Yoshizumi T, Manabe K, Yamamoto YY and Matsui
M (2001) Arabidopsis transcriptional regulation by light stress
via hydrogen peroxide-dependent and -independent pathways.
Genes Cells 6: 607–617

Kimura M, Yamamoto YY, Seki M, Sato M, Abe T, Yoshida S,
Manabe K, Shinozaki K and Matsui M (2003) Identification
of Arabidopsis genes regulated by light stress using cDNA
microarray. Photochem. Photobiol 77: 226–233

Kinkema M, Fan WH and Dong XN (2000) Nuclear localization
of NPR1 is required for activation of PR gene expression. Plant
Cell 12: 2339–2350

Klatt P and Lamas S (2000) Regulation of protein function by
S-glutathiolation in response to oxidative and nitrosative
stress. Eur J Biochem 267: 4928–4944
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Universitätsstr. 150, D-44780 Bochum, Germany

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

A. The Chloroplast – a Center for Sensing, Transmission, and Expression of Responses
to Environmental Signals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270

B. Redox Regulation of Gene Expression – a Universal Theme in Biology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .270
C. Transcriptional versus Posttranscriptional Regulation of Chloroplast Gene Expression . . . . . . . . . . .272

II. Posttranscriptional Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274
A. Redox Regulation of Translation: A Paradigm .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
B. Redox Regulation of RNA Stability and Degradation: An Emerging Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
C. Chloroplast RNA Splicing and Translation Elongation: Examples for Mixed or Unknown

Light-Driven Signal Transduction Chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
III. Transcription . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279

A. The Complexity of the Chloroplast Transcription Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 279
B. Players and Mechanisms of Redox-Regulated Chloroplast Transcription . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

IV. Connections, Outlook and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 282
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

Summary

The chloroplast is the most important biosynthetic compartment of a green plant cell, being the site of photosyn-
thesis and aspects of carbon, sulfur, and nitrogen assimilation as well as other pathways. At the same time, the
complex enzymatic machinery of the organelle is a key target for photooxidative stress. The chloroplast contains an
evolutionarily conserved set of genes and a specially adaptable gene expression machinery that is in close physical
proximity to the photosynthetic apparatus, i.e. the primary source of reactive oxygen species. This adaptability
somehow links the rapid gene expression response to the activity status of photosynthetic electron transport and
accompanying redox reactions. In this chapter, we address the following questions: (i) which plastid gene products
are subject to redox control? (ii) which stage(s) of organellar gene expression are redox-controlled? and (iii) what
are the mechanisms and mediators involved?
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I. Introduction

A. The Chloroplast – a Center for Sensing,
Transmission, and Expression of
Responses to Environmental Signals

In “green” eukaryotes, from unicellular algae to higher
plants, the chloroplast is the intracellular site of photo-
synthesis (Buchanan et al., 2000; Aro and Andersson,
2001). It is a member of the plastid family, i.e. a cell-
specific group of organelles comprising a number of
differentiated forms, each with a specialized function.
In a given plant species, all plastid types contain closed
circular plasmid-type DNA molecules with essentially
the same organization, but with different copy numbers.
A typical higher plant plastid DNA molecule harbors
the genes for complete sets of rRNAs and tRNAs for
protein synthesis on the organellar ribosomes as well as
genes for more than a hundred proteins (Bogorad and
Vasil, 1991; Sugita and Sugiura, 1996). Considering
the large number of more than 3,000 (mostly nuclear-
encoded and imported) putative chloroplast proteins, as
suggested by proteomics and genomics database anal-
yses (Kleffmann et al., 2004), the coding capacity of
the organellar DNA seems surprisingly small. One may
ask why the plant cell invests at all in the effort of estab-
lishing a complete gene expression system inside the
plastid compartment. According to current views and
consistent with a considerable body of compelling data,
at least part of the answer lies in the integration of the
plastid into the regulatory network that determines the
differentiation and activity state of the entire cell. This
complex network is based on the integration of different
genetic compartments within the plant cell, i.e. the plas-
tid, the mitochondrion, and the nucleus, necessitating
a concerted regulation of gene expression. This is
immediately obvious for the nuclear-encoded plastid

Abbreviations: APX – ascorbate peroxidase; bromanil –
tetrabromo-1,4-benzoquinone; CCCP – carbonal cyanide-
m-chlorophenylhydrazone; CDK – cyclin-dependent kinase;
CK2 – casein kinase 2; cpCK2 – chloroplast casein kinase 2; DB-
MIB – 2,5-dibromo-3-methyl-6-isopropyl-1,4-benzoquinone;
DCMU – 3-(3,4-dichlorophenyl)-1,1-dimethyl urea; DCPIP –
2,6-dichlorophenolindophenol; DTT – dithiothreitol; FNR – fu-
marate and nitrate reduction regulator; GSSG – oxidized disulfide
form of glutathione; GSH – reduced dithiol from of glutathione;
GSK – glycogen synthase kinase; MAPK – mitogen-activated
protein kinase; IBZ – iodosobenzoic acid; NEM – N-ethyl
maleimide; NEP – nuclear-encoded plastid RNA polymerase;
PDI – protein disulfide isomerase; PEP – plastid-encoded RNA
polymerase; PTK – plastid transcription kinase; ROS – reactive
oxygen species; RRM – RNA recognition motif; SLF – sigma-
like factor; SOD – superoxide dismutase

proteins, which—in addition to many proteins involved
in photosynthesis and other metabolic reactions—
include proteins and regulatory factors involved in
organellar gene expression itself. Conversely, it has
become increasingly clear that the physiological status
of the chloroplast is signaled back to the nucleus in a
retrograde fashion. Although the biochemical nature of
such (a) plastid signal(s) is only beginning to emerge,
it is easily envisaged that both the forward and retro-
grade communication mechanisms, that have evolved
together during evolution, have overcome the need
to retain a full extra genome with thousands of genes
initially brought in by (an) ancient endosymbiont(s).

Despite the small (less than 3%) proportion of
chloroplast proteins that are encoded by organellar
genes, these proteins comprise a group of essential
components in photosynthesis and carbon assimilation
as well as in plastid gene expression. In fact, the very
first proteins to be identified as organellar gene products
were the large subunit of RubisCO and the D1 protein
of the PS II reaction center – both functionally impor-
tant plant proteins that rank amongst the most exten-
sively studied chloroplast gene products (Bogorad and
Vasil, 1991; Sugita and Sugiura, 1996). It is interest-
ing to note that, despite the overall small proportion of
organelle-encoded (vs. imported) plastid proteins, the
ratio is much higher (almost 1:1) in the case of the pho-
tosynthetic proteins. This emphasizes the importance
of having genes for photosynthetic proteins—and their
expression – inside the organelle, where their expres-
sion can be tightly regulated by the activity status of
the photosynthetic electron transport chain. This is an
obvious advantage in a situation such as photooxida-
tive stress where there is a need for rapid replenishment
of reaction center proteins (and possibly other photo-
synthetic proteins as well) (Aro and Andersson, 2001;
Demmig-Adams and Adams, 2002). The question is
which of the organelle-encoded proteins are affected by
photosynthetic signals, and to what extent, and at which
stage(s) of gene expression does the response to photo-
stress operate? Before we focus on these specific points,
we will review the general principles of reduction-
oxidation (redox) regulation of gene expression.

B. Redox Regulation of Gene Expression –
a Universal Theme in Biology

Redox chemistry is a universal aspect of living or-
ganisms. As defined by the Nernst equation, the re-
dox potential of an electron carrier depends on the
relative concentrations of its reduced versus oxidized
forms. Redox reactions involve the transfer of electrons
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Table 1. Redox signals and sensing modules, mediators within signaling chains and at the interface with
gene expression, and organisms that typically use these mechanisms. This table is far from complete,
listing a representative set of well-characterized systems. One and the same component can act both as a
signal and a mediator, possibly at more than one level. For further details, see text.

Redox signals,

sensing modules Mediators Organisms

Quinones plastoquinone/plastoquinol plants, bacteria
Molecular oxygen H2O2, O2

−, NO plants, bacteria, animals
Thiol/disulfide thioredoxin algae, bacteria, animals

glutathione plants, animals
protein disulfide isomerase algae, mammals, plants
OxyR bacteria
AP-1, NF-kappaB mammals
Yap1 yeast

Metal ions
[2Fe/2S] cluster SoxR bacteria
[4Fe/4S] cluster FNR bacteria
Heme FixL bacteria

Flavines as co-factors NifL bacteria
Other ascorbate plants

from one compound to another, resulting in the oxi-
dation of one reactant and the reduction of the other
reactant. Among the “classical” biological electron
transfer chains is the photosynthetic apparatus. Its
multisubunit pigment-protein complexes together pro-
duce energy (ATP) and reducing equivalents – mostly
NADPH – for subsequent biochemical reactions (for a
general overview, see e.g. Buchanan et al., 2000). Since
oxygen is produced during photosynthesis, this also re-
sults in the generation of reactive oxygen species (ROS)
that are potentially harmful to the plastid (Noctor and
Foyer, 1998).

In addition to light energy capture, a second impor-
tant function of photosynthetic electrochemistry is its
role as a redox sensor for downstream signaling re-
sponses. For instance, changes in the steady-state lev-
els of reducing equivalents can affect the properties
of many chloroplast proteins, including e.g. several
Calvin cycle enzymes (Schürmann and Jacquot, 2000).
Furthermore, gene expression responses – both inside
and outside the organelle – are apparently mediated by
the energy state of the photosynthetic electron trans-
port chain (Foyer and Noctor, 1999). In the mature
functional chloroplast, the efficiency of photosynthetic
electron transport can vary considerably depending on
the species, age, cell position, and environmental con-
ditions. Moreover, there is a constant requirement for a
balanced supply of newly-synthesized photosynthetic
proteins, due to the inherent turnover of e.g. reaction
center proteins during active photosynthesis. It is there-
fore necessary that both the chloroplast and nucleo-
cytoplasmic genetic systems be in communication to
monitor the state of photosynthesis in an integrated

fashion. Signaling chains based on redox chemistry
would seem to be an ideal means to serve this role.

Redox regulation of gene expression has emerged as
a common theme in biology and several examples are
available from a large variety of organisms (Table 1).
In most of these cases, redox regulation is mediated
by a signal transduction chain involving low molecu-
lar weight molecules that change their redox state in
response to a changing cellular redox potential. Promi-
nent examples for the latter group of molecules are
the ROS (see also Mullineaux et al., this volume). Al-
though every cell can potentially become a source of
ROS, for example by the activity of NAD(P)H oxi-
dases, the chloroplast photosynthetic machinery is es-
pecially prone to generating these molecules. Although
a number of ROS have been implied in redox signal-
ing, the signal transduction chain and its constituents
remain largely elusive. Signaling functions have been
described for superoxide radicals (O2

−) that can be
converted into H2O2 by superoxide dismutases. Both
molecules trigger gene expression responses in the bac-
terial system (for a review see Bauer et al., 1999). Re-
cently, nitric oxide (NO) has received widespread at-
tention for its essential role in the redox modulation of
a wide variety of transcription factors in mammalian
cells (reviewed in Stamler et al., 2001). Mechanisti-
cally, all ROS can modulate the activity of transcription
factors directly or by acting further upstream in signal
transduction cascades that mediate gene expression re-
sponses via redox-sensitive proteins. Several examples
for signaling molecules and redox sensitive proteins
are summarized in Table 1. Although a large variety
of redox-responsive proteins has been described, two
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molecular mechanisms of redox regulation dominate
in biological systems. One of them involves the oxida-
tion of thiol groups to disulfides. The other mechanism
utilizes the redox modulation of iron sulfur clusters
(Table 1). In addition to these common redox mech-
anisms, the reduction/oxidation of protein-bound co-
factors such as flavines can regulate the activity of a
protein (Table 1).

There is considerable evidence from many organ-
isms for redox regulation of proteins by oxidation of
sulfhydryl (SH) groups and/or reduction of disulfide
(S-S) bonds, both of which can influence enzyme ac-
tivity, conformation, and interactive properties. Thiol
redox reactions, involving mostly cysteine residues, are
important for the regulation of single proteins and their
immediate interaction partners. The activity of several
transcription factors is known to be directly regulated
by dithiol/disulfide exchange. Among the most promi-
nent examples for the latter are the mammalian factor
NF-kappaB (Hirota et al., 1999), the bacterial factor
OxyR (S.O. Kim et al., 2002), and the yeast factor
Yap1 (Delaunay et al., 2002). As the thiol redox signal
can be transmitted also to third, fourth, or more redox
components, it is not unexpected that this mechanism
can play a role in signaling pathways across compart-
mental boundaries (Hogg, 2003). The principal media-
tors of this type of regulation include both specialized
proteins, such as the thioredoxins (Nishiyama et al.,
2001; Collin et al., 2003), and low-molecular weight
peptides such as glutathione (Meister, 1995; Schafer
and Buettner, 2001). As is the case in other organ-
isms, glutathione is the most abundant non-protein thiol
compound in plant cells (Bergmann and Rennenberg,
1993) and has a multi-compartment role as a key an-
tioxidant and redox buffer (May et al., 1998; Foyer et
al., 2001). The role of glutathione in ROS scavenging
can result in drastic short-term changes of the cellular
glutathione redox state, i.e. the ratio between oxidized
(GSSG) and reduced glutathione (GSH). In the chloro-
plast, for example, ROS-scavenging is carried out by
the collective action of superoxide dismutases (SOD),
ascorbate peroxidase (APX), and other enzymes of the
ascorbate-glutathione cycle (Bowler et al., 1992; Noc-
tor and Foyer, 1998). Glutathione feeds electrons into
this cycle and becomes oxidized when the capacity of
antioxidant defense mechanisms is exceeded, particu-
larly under exposure to stress factors such as high or low
temperature, drought, or salinity. The resulting shift in
the glutathione redox state is accompanied by changes
in gene expression both inside and outside the organelle
(Karpinski et al., 1999; Baena-González et al., 2001;
see also Foyer et al., this volume).

Redox modulation of proteins by reduction/
oxidation of iron sulfur clusters is a common mecha-
nism in bacteria. Perhaps the best characterized exam-
ple for this type of regulation is the SoxR-SoxS system
that helps protect the bacterial cell against oxidative
damage caused by superoxide radicals (Hidalgo et al.,
1997). Under normal physiological conditions, SoxR
contains a reduced [2Fe-2S] cluster that becomes oxi-
dized by superoxide radicals or H2O2 under conditions
of oxidative stress. Oxidized SoxR activates the tran-
scription of SoxS, most likely via interaction with RNA
polymerase. SoxS induces several proteins with func-
tions in redox homeostasis, resulting in a concerted
expression of antioxidant defense systems. Similarly,
an oxidation-induced disassembly of [4Fe-4S] clusters
has been reported for FNR (fumarate and nitrate reduc-
tion regulator) (Table 1), a global transcription regula-
tor responsible for the anaerobic/aerobic regulation of
several target genes in E. coli (Ralph et al., 1998).

The possible existence of redox-regulated gene ex-
pression in chloroplasts (see Fig. 1) was initially raised
by the above-described reports on redox-responsive
gene regulation in bacteria, including those capable
of photosynthesis (Campbell et al., 1993; Bauer and
Bird, 1996; Demple, 1998; Zeilstra-Ryalls et al., 1998;
Zheng et al., 1998). Likewise, there have been an in-
creasing number of reports on redox regulation in eu-
karyotic systems (Abate et al., 1990; Toledano and
Leonard, 1991; Pahl and Baeuerle, 1994; Sen and
Packer, 1996; Tell et al., 1998; Zheng et al., 1998; for re-
cent reviews, see e.g. Kim et al., 2002; Georgiou, 2002).
A direct analysis of similar processes in the chloroplast
has been hampered by the complex nature of the dual-
origin gene expression system in the organelle and by a
lack of techniques to rigorously define the mechanisms
and players involved. Progress in both aspects has been
made over the past several years, resulting in improved
knowledge of the architecture and expression dynamics
of the major multi-protein complexes involved.

C. Transcriptional versus
Posttranscriptional Regulation of
Chloroplast Gene Expression

It had been a matter of debate whether or not chloroplast
gene regulation is restricted to the nuclear-encoded
genes responsible for proteins localized to the plas-
tids. This question has now been clearly answered by
numerous studies demonstrating changes in proteins
and RNA corresponding to plastid-encoded genes in
response to cellular and environmental cues, suggest-
ing a tight regulation of chloroplast gene expression.
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Fig. 1. (A) Regulation of chloroplast gene expression by photosynthetic electron flow. This scheme depicts the various layers of gene
expression that are regulated by light (indicated by a flash) and the different known signal mediators involved in this regulation.
Electron flow from PSII to PSI and to the soluble electron carriers is depicted as a dashed line. Glutathione (GSH), reactive oxygen
species (ROS), and thioredoxin (TRX) are known signal mediators that are reduced by electrons from the photosynthetic electron
transport chain via ferredoxin (Fd). Arrows indicate a known regulation of gene expression by redox reactions involving the soluble
redox carrier. DCMU and DBMIB inhibit the reduction/oxidation of PQ as indicated. Abbreviations: PSII and I: photosystem II and
I; PQ: plastoquinone/plastoquinol; Cyt: cytochrome; PC: plastocyanine; Fd: ferredoxin; GSH: glutathione; ROS: reactive oxygen
species; TRX: thioredoxin. (B) Mechanism of dithiol/disulfide exchange at target proteins (Target) by (1) dithiol reductants, such as
thioredoxin or protein disulfide isomerases, and (2) monothiol reductants, such as glutathione. In the case of glutathione, a mixed
disulfide can be formed with a single thiol group (glutathionylation) (Danon, 2002).

This has led to the next question, i.e. whether plastid
gene expression is regulated predominantly at a “tran-
scriptional” or “posttranscriptional” level (terms often
used synonymously for changes in the steady-state con-
centration of specific RNAs or proteins under investiga-
tion). It should be noted that the process of transcription
strictly means de novo synthesis (and not accumula-
tion) of RNA and that post-transcriptional processes
encompass everything beyond the transcription stage.
At the RNA level, this includes processing, mod-
ification, and degradation of the newly-synthesized
transcripts. At the protein level, the stages involved
range from the initiation of translation, i.e. the mRNA-
directed de novo synthesis of (precursor) polypeptides,
via elongation and termination, to the proteolytic pro-
cessing and suite of posttranslational modification(s)
that can have dramatic effects on the activity and sta-
bility of the mature functional gene products.

In view of the complex gene expression machinery
of the chloroplast, it has become clear that more than
one single regulatory event is often, if not always, in-
volved. As an example, an RNA molecule that is not
properly processed or edited (Sugiura et al., 1998) may
no longer be an efficient template for protein synthe-
sis. Such “non-functional” transcripts may be present
in amounts and sizes that are similar to those of their
functional counterparts (Hirose et al., 1996), and are

therefore not easily distinguished from the latter by
the common northern and dot blot techniques. As a
consequence, one might be misled in the interpreta-
tion of the transcript population and the extent of reg-
ulation therein. Furthermore, even if the steady-state
concentrations of a specific transcript remains virtu-
ally constant, the expression of that particular gene
may be highly regulated if changes in transcription
rates are compensated e.g. by changes in RNA stabil-
ity (Shiina et al. 1998). However, in many cases it does
seem appropriate to assign changes in RNA (e.g. based
on northern analysis) or protein concentration (based
on immunoblots) to bona fide post-transcriptional or
translational control, as long as it is kept in mind that
mechanisms at other control levels are not investigated
rigorously by such techniques.

Furthermore, it is dangerous to generalize findings
obtained for one particular organism, tissue, devel-
opmental stage, and environmental condition. Many
conflicting conclusions reached by different groups re-
garding the control level(s) of light-regulated plastid
gene expression fall into this category. For instance,
it is not unexpected to find regulatory details in stud-
ies on a single-celled green alga like Chlamydomonas
reinhardtii to be different from those found in tissues
of multi-cellular higher plants. The same is true for a
comparison of light/dark regulation in young seedlings
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versus fully mature, dark-adapted, and re-illuminated
plants. Furthermore, the gene expression program in
a dicotyledonous seedling will not necessarily be the
same as that along the axis of a monocotyledonous leaf
with its basal meristem. In view of these differences, it
is now widely accepted that gene regulation in the plas-
tid and elsewhere is quite flexible in a specific cellular
and environmental context. Hence, it is important to
keep in mind the extreme complexity and interdepen-
dence of the gene regulatory systems, within a single
cell and across cellular boundaries, and as affected by
the environmental context. In the next section recent
work related to redox regulation at various levels of
plastid gene expression is discussed (summarized in
Table 2).

II. Posttranscriptional Processes

The aim of this section is to summarize our current
knowledge about the mechanisms and key players of
redox regulation of posttranscriptional events in chloro-
plast gene expression. Since it is our goal to provide
mechanistic details of redox-control we will first fo-
cus on well-characterized signal transduction chains,
such as the control of translation initiation in Chlamy-
domonas reinhardtii, followed by some interesting but
indirect observations that infer a light-mediated re-
dox regulation of posttranscriptional processes, and
finally provide an outlook on strategies to define
novel targets for redox-control by soluble electron
carriers.

Table 2. Mechanisms and players of redox regulation of plastid gene expression, a summary. PET: photosynthetic electron transport;
ROS: reactive oxygen species; PDI: protein disulfide isomerase; ?: unknown signal mediator.

Level of redox

regulation Experimental evidence Mediator Reference

Transcription
transcription factor

phosphorylation
in vitro kinase assays/phosphorylation

studies/high-light illumination
experiments

GSH Baginsky et al., 1997, 1999;
Baena Gonzalez et al.,
2001

gene transcription of PSI
and II components

illumination with different light
qualities, DCMU/DBMIB inhibitor
treatments

PET, ? Deng and Gruissem, 1987;
Pfannschmidt et al., 1999

RNA synthesis illumination, DCMU/DBMIB
inhibitor treatments

PET, ? Pearsson et al., 1993

RNA splicing
psbA splicing illumination, DCMU/DBMIB

inhibitor treatments, electron
transport mutants

PET, ? Deshpande et al., 1997

RNA stability
Chimeric model RNA illumination DCMU/DBMIB inhibitor

treatments, in vitro reduction/
oxidation

PET, ? Salvador and Klein, 1999

fed-mRNA illumination DCMU/DBMIB inhibitor
treatments

PET, ? Petracek et al., 1997, 1998;
Dickey et al., 1998

mRNA processing and
degradation

illumination and in vitro RNA
degradation

? Baginsky and Gruissem,
2002

endonuclease activity in vitro RNA processing analyses GSH Liere and Link, 1997
polyadenylation activity in vitro assays following illumination ? Baginsky and Gruissem,

2002, Kudla et al., 1996
Translation initiation
rbcL translation

(Chlamydomonas)
high-light illumination ROS, GSH Shapira et al., 1997; Irhi-

movitch and Shapira, 2000
psbA translation initiation

(higher plant)
high-light illumination ? Kuroda et al., 1996;

Kettunen et al., 1997
psbA translation initiation

(Chlamydomonas)
illumination experiments

DCMU/DBMIB inhibitor
treatments, in vitro
reduction/oxidation, electron
transport mutants

TRX, PDI, PET Danon and Mayfield,
1994a,b; Kim and
Mayfield, 2002; Trebitsh
et al., 2000; Trebitsh and
Danon, 2001; Fong et al.,
2000

Translation elongation
photosynthetic proteins illumination experiments,

DCMU/DBMIB treatments, in vitro
reduction/oxidation

PET, ? Mühlbauer and Eichacker,
1998; Edhofer et al.,
1998; Zhang et al., 2000
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A. Redox Regulation of Translation: A
Paradigm

Probably the best characterized redox-controlled sys-
tem of chloroplast gene expression is the regulation
of translation initiation in Chlamydomonas reinhardtii.
Danon and Mayfield (1994a) identified a protein com-
plex that regulates translation initiation of the D1 pro-
tein by specific binding to the 5’-untranslated region
(5’-UTR) of psbA mRNA as described below. Although
the RNA-binding complex is equally abundant in light-
and dark-grown cells, its RNA-binding activity is sub-
stantially increased in the light. A mutant strain defi-
cient in the assembly of photosystem I (cc703) lacked
the light activation of psbA 5’-UTR binding, suggesting
a direct involvement of photosynthetic electron trans-
port in the activation of the protein complex. In vivo
pulse labeling experiments with this mutant demon-
strated a deficiency in light-activated translation of pho-
tosynthetic proteins (D1, D2, CP47, and CP43), con-
firming the important function of the RNA binding
complex and its activation in the regulation of trans-
lation. The lack of light activation in a photosystem
I-deficient mutant suggests that light signaling is medi-
ated by signals “downstream” of photosystem I. Since
photosystem I is the primary reducer of ferredoxin and
thus of thioredoxin (Fig. 1A), the involvement of these
soluble redox carrier in the regulation of translation
initiation appears reasonable. In vitro experiments sup-
ported the view that thioredoxin is the critical redox-
reactive component for the light-activation of transla-
tion. In vitro oxidation of the complex from light-grown
cells with the oxidant dithionitrobenzoic acid (DTNB)
completely abolishes its RNA-binding activity. The
dithiol reductant DTT (with two SH-groups) but not
the monothiol reductant β-mercaptoethanol (with one
SH group) is able to restore the RNA-binding activity
of the oxidized complex, suggesting a redox control
mechanism that involves dithiol-disulfide exchange at
two vicinal cysteine residues (Fig. 1B). Consistent with
the proposed mechanism of reduction, thioredoxin, that
contains two vicinal SH groups, restored the RNA-
binding activity of the DTNB-oxidized complex to
levels beyond those achieved by reduction with DTT
alone.

A more detailed dissection of the components of the
RNA-binding complex provided deeper insights into
the molecular mechanism of its regulation and sup-
ported the role of vicinal cysteine residues. The com-
plex consists of four subunits, RB38, RB55, RB47, and
RB60. The functions of RB38 and RB55 remain un-
known, although the gene for RB38 has been cloned
recently (reviewed in Barnes and Mayfield, 2003).

RB47 is a chloroplast poly A-binding protein that con-
stitutes the RNA-binding activity of the complex. Two
mutants defective in RB47 are impaired in psbA trans-
lation supporting the critical role of this protein in
the regulation of translation. RB60 is a chloroplast
protein disulfide isomerase (cPDI) and appears to be
the key component in the signal transduction chain.
The active site of cPDI consists of two adjacent cys-
teine residues that are separated by two amino acids
(Fig. 1B). Since this active site is similar to the redox-
active site of thioredoxin, RB60 is an ideal candidate
for thioredoxin-mediated redox control of its activity.
According to the model proposed by Mayfield and col-
leagues (Fong et al., 2000), the thioredoxin-mediated
reduction of cPDI (RB60) at its regulatory disulfide
bond delivers the electrons for the RB60-mediated re-
duction of RB47, which results in the activation of its
RNA-binding activity. RB47 contains several RNA-
recognition motifs (RRMs) that are highly conserved
among all known poly A binding proteins but, unlike
the other poly A-binding proteins, RB47 contains a
cysteine residue in each of the four RRMs (Fong et al.,
2000). Substitutions of single cysteine residues do not
alter the redox regulation of the RNA-binding activity
of RB47. When both cysteines of RRM2 and RRM3
are substituted simultaneously, however, RB47 loses
its redox responsiveness, suggesting that a regulatory
disulfide bridge is formed between two different RNA-
recognition motifs. Oxidation of the cysteine residues
results in the formation of a disulfide bridge that con-
nects RRM2 with RRM3 covalently and inactivates the
RNA-binding activity of RB47 (Fong et al., 2000). Re-
duction of the disulfide bridge by RB60 separates the
two RNA recognition motifs, opens the protein for its
RNA substrate, and activates the RNA-binding activity
of RB47.

This simple mechanism of dithiol/disulfide ex-
change, controlling the RNA-binding activity of RB47,
suggests that alterations in the cellular redox-state are
a major signal for the regulation of RB47 activity. Re-
cent data indicated, however, that this view is too sim-
plistic. When the RNA-binding complex is isolated
from dark-grown cells, in vitro reduction is not suf-
ficient to activate its RNA-binding activity (Trebitsh
et al., 2000). It appears that redox-signaling in vivo is
specifically mediated by RB60, rather than by global
changes of the cellular redox conditions. It was demon-
strated that RB60 needs to be primed to mediate this
redox-control, and two distinct mechanisms for this
priming have been suggested. One mechanism involves
redox-dependent priming by light-induced oxidation of
RB60, while the other is a redox-independent mech-
anism triggered by ADP-dependent phosphorylation
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of RB60. Light-dependent oxidation of RB60 was in-
ferred from labeling experiments, with RB60. In these
experiments the reactive thiols of RB60 were labeled
with N-iodoacetyl-[125I]-3-iodotyrosine. A decrease in
labeling efficiency was observed upon illumination,
suggesting a decrease of accessible thiol groups in the
light (Trebitsh et al., 2000).

Light-induced oxidation contradicts the current un-
derstanding of light-mediated regulatory processes that
are thought to be mediated by reduction rather than ox-
idation. The active photosynthetic electron transport
reduces soluble redox carriers at photosystem I, result-
ing in a reducing cellular environment. Light-induced
oxidation therefore requires a specific, oxidizing pro-
tein factor that is activated by reducing signals derived
from the photosynthetic electron transport chain and
is capable of oxidizing RB60 against a decreasing cel-
lular redox potential (Trebitsh et al., 2000; Trebitsh
and Danon, 2001). Although such a light-activated
RB60 oxidoreductase is unknown to date, a recent
study suggested that the redox-dependent priming of
RB60 is mediated by the redox status of the plas-
toquinol/plastoquinone pool (Fig. 1A) (Trebitsh and
Danon, 2001). Since the reductive signals for the acti-
vation of RB47 are produced by the soluble redox car-
rier at photosystem I (Fig. 1A), this separation of light
signals provides a greater variability for the regulation
of complex processes of chloroplast gene expression
(Trebitsh and Danon, 2001).

An even greater variability is achieved with the
redox-independent priming of RB60 activity by ADP-
dependent phosphorylation (Danon and Mayfield,
1994b). The control of RB60 activity by an ADP-
dependent kinase expands the possibilities for an in-
tegration of the control of translation initiation with
cellular processes and signal transduction chains. ADP-
dependent phosphorylation is thought to be regulated
by the chloroplastic ATP/ADP ratio. It has been pro-
posed that the ADP levels are higher in the dark, re-
sulting in phosphorylation of RB60 in the dark (Danon
and Mayfield, 1994b). ADP-dependent phosphoryla-
tion and oxidizing conditions both diminish the RNA-
binding activity of the complex and, by inference,
downregulate translation of photosynthetic proteins in
a synergistic fashion (Danon and Mayfield, 1994a, b).
To date, however, no data are available that suggest
light-dependent variations of the phosphorylation sta-
tus of RB60. Until this information is available, the
regulatory role of RB60 phosphorylation and its func-
tion in the regulation of translation initiation remains
elusive.

Translation initiation in higher plant chloroplasts is
also regulated by light, but the mechanistic details of

the signal transduction and the key player of this reg-
ulation are not defined to date (Kuroda et al., 1996;
Kettunen et al., 1997). For example, the number of
translation initiation complexes on psbA mRNA in-
creases upon transfer of pea plants (Pisum sativum L.)
from standard growth light to high light (Kettunen et al.,
1997). The mechanism by which high light triggers the
regulation of translation initiation is unknown, but re-
cent data suggested that high light mediates signals via
the glutathione redox system (Baginsky et al., 1999;
Baena-González et al., 2001). It is conceivable that a
redox-regulatory mechanism similar to that found at
the level of transcription also plays a role in the regu-
lation of translation initiation. This would thus be an
effective mechanism for signal cross-talk between dif-
ferent stages of the plastid gene expression pathway
(see also part III of this review).

Support for a possible involvement of the glutathione
redox system in the regulation of translation initiation
came from studies with Chlamydomonas reinhardtii.
Here, an arrest of RBCL translation initiation corre-
lates with ROS-induced changes in the redox status of
the glutathione pool (Shapira et al., 1997; Irihimovitch
and Shapira, 2000). The enhanced production of ROS
upon high light treatment shifts the glutathione redox
system towards its oxidized form (GSSG), and a re-
turn to the normal GSH/GSSG ratio is observed af-
ter 6 hours (Irihimovitch and Shapira, 2000). The in-
crease in ROS and the parallel shift in the glutathione
redox status upon high light treatment can be prevented
by ascorbate that also prevents the arrest of RBCL
translation. These observations suggest a direct reg-
ulatory role for the glutathione redox system in the
translation machinery in Chlamydomonas reinhardtii.
A possible scenario is that oxidized glutathione (GSSG)
prevents RBCL translation by oxidation of a specific
RBCL mRNA-binding protein. To date, these protein
factors have not been identified, but they may be spe-
cific for RBCL since the translation of other photosyn-
thetic proteins is unaffected by high light (Irihimovitch
and Shapira, 2000). Utilization of the glutathione re-
dox system for the high light regulation of gene ex-
pression appears reasonable, assuming that high light
requires cellular adaptations that are different from nor-
mal light-adaptation processes. Therefore, high light-
and growth light-mediated processes must be separated
and are likely to act via different signal transduction
chains using distinct mediators.

Although the previous examples document the grow-
ing information about redox regulation of translation
initiation, they represent only a snapshot of the research
in this field. Several further examples are available
that report light and redox regulation of RNA-binding
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activities in the 5’-UTR of chloroplast mRNAs and
the light regulation of translation initiation (Eibl et al.,
1999; Shen et al., 2001; Zerges et al., 2002). The molec-
ular function of 5’-UTR binding, as well as the regula-
tion of 5’-UTR binding activities, will be elucidated in
greater detail below.

B. Redox Regulation of RNA Stability and
Degradation: An Emerging Field

The stability of an mRNA is reflected by its half life that
has a significant impact on its translation rate and thus
the level of its protein product. Indirect evidence for
light regulation of mRNA stability has come from stud-
ies with Chlamydomonas reinhardtii. In this organism,
light induces the degradation of several photosynthetic
mRNAs, most likely via crucial sequence elements in
the 5’-UTR (Salvador and Klein, 1999). First, insights
into the mechanistic details of light-regulation were
obtained with a chimeric model RNA (rbcL promoter:
β-glucuronidase:psaB 3’-end) that has a half life of
20 minutes in the light and is stabilized to a half life of
5 hours in the dark. DCMU prevents the light-induced
destabilization of this mRNA, suggesting a regulatory
role of redox signals originating from the photosyn-
thetic electron transport chain (Fig. 1). This view is
substantiated by the observation that reduced DTT
restores the RNA destabilization in DCMU-blocked
cells, while the oxidant diamide prevents RNA degra-
dation even when photosynthetic electron flow is not
inhibited. These data suggest that the RNA-degradation
machinery (endonucleases and/or exonucleases) is
activated by reducing conditions and inactivated by
oxidation, most likely via dithiol/disulfide exchange.
Alternatively, RNA stabilizing protein factors such as
RNA-binding proteins (Schuster and Gruissem,
1991; Nickelsen et al., 1994; Hayes et al., 1996;
Nakamura et al., 2001; Zerges et al., 2002) could be
inactivated by reducing conditions and activated by
oxidation.

Several reports describe light-regulated binding of
proteins to the 5’-UTR of Chlamydomonas mRNAs
(Baginsky and Gruissem, 2001, 2002; Zerges et al.,
2002). Since the dithiol reductant DTT restores RNA
degradation in DCMU-blocked cells more efficiently
than the monothiol reductant β-mercaptoethanol,
thioredoxin has been proposed as the physiological
redox mediator. To date, however, no data are avail-
able to support this hypothesis (Salvador and Klein,
1999).

In higher plant plastids, light triggers the stabiliza-
tion of mRNAs rather than their degradation. Light-
dependent stabilization of ferredoxin-1 (fed-1) mRNA

has been observed in tobacco (Nicotiana tabacum)
(Hansen et al., 2001). Transfer of tobacco plants to
darkness resulted in a rapid decrease of fed-1 mRNA
half life from 2.4 hours in the light to 1.2 hours in the
dark. DCMU-treatment decreased mRNA half life in
the light, suggesting involvement of the photosynthetic
electron transport chain in the regulation of mRNA half
life (Petracek et al., 1997, 1998). Stabilization of fed-1
mRNA is accompanied by its increased polysome as-
sociation in the light, which might be the reason for
its increased stability (Dickey et al., 1998). The stabi-
lization of mRNA in the light is in line with in vitro
data obtained with chloroplasts from spinach. Initial
observations indicated that the transcription rates of
psbA, that encodes the D1 protein, and other photo-
synthetic genes are not significantly different between
etioplasts and chloroplasts, although the steady-state
levels of their mRNAs, as well as their protein prod-
ucts, accumulate to higher levels in the light (Deng and
Gruissem, 1987; Deng et al., 1987, 1989). This sug-
gested that a significant proportion of light regulation
of photosynthetic mRNAs in higher plant chloroplasts
occurs at the posttranscriptional level. With the petD 3’-
UTR as a model transcript and a soluble protein extract
that correctly reproduces mRNA processing (i.e. the in
vitro and in vivo 3’-ends of the mature petD mRNA
are identical), the regulatory mechanism of posttran-
scriptional control were elucidated in further detail by
a series of in vitro experiments.

The in vitro activities of protein extracts from
light- and dark-grown plants reflect the light-mediated
change in mRNA half lives in vivo, i.e. processing and
stabilization in the light versus degradation in the dark
(Baginsky and Gruissem, 2002). Dark-induced petD
mRNA degradation is initiated by endonucleolytic
cleavage within the coding region, most likely followed
by polyadenylation of the cleavage products and their
rapid exonucleolytic degradation (Lisitsky et al., 1996;
Kudla et al., 1996; Baginsky and Gruissem, 2002).
An RNA-binding protein in the extract from the light-
grown plants prevented RNA degradation induced by
the addition of extract (Baginsky and Gruissem, 2002),
offering several possible scenarios for the mechanism
of dark-induced mRNA degradation. Light may acti-
vate the RNA-binding protein that masks the endonu-
cleolytic cleavage site utilized by a constitutive en-
donuclease. Alternatively, an endonuclease could be
activated in the dark, either by posttranslational mod-
ification or by an elevated expression of its respective
gene.

Endonucleases are key players in the regulation
of mRNA stability not only in chloroplasts but
also in prokaryotes (reviewed in Carpousis, 1999;
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Grunberg-Manago, 1999; Hayes et al., 1999; Rauhut
and Klug, 1999). The initial cleavage in the coding
region of plastid mRNAs removes the secondary struc-
ture barrier at the 3’-end of most chloroplast mRNAs
and offers an unprotected 3’-end to 3’ to 5’ process-
ing exonucleases (Stern and Gruissem, 1987; Kudla
et al., 1996; Baginsky and Gruissem, 2002). Several
chloroplast endonucleolytic activities have been de-
scribed (reviewed by Monde et al., 2000). One well-
characterized endonuclease, that might play a key
role in the regulation of mRNA stability, is p54 that
has been purified and characterized from mustard
seedlings (Nickelsen and Link, 1993; Liere and Link,
1997). P54 is an endonuclease that specifically binds
to a conserved U-rich sequence element (UUUAUCU)
in chloroplast precursor transcripts (Nickelsen and
Link, 1993). In vitro experiments demonstrated that
its endonucleolytic activity is regulated by phospho-
rylation as well as redox state acting synergistically
(Liere and Link, 1997; Liere et al., 2001). Redox con-
trol is specifically mediated by the glutathione redox
system (GSH/GSSG), and other reductants have no
appreciable effect on p54 activity (Liere and Link,
1997). Reduced glutathione (GSH) inactivates the
endonucleolytic activity while oxidized glutathione
(GSSG) enhances it (Liere and Link, 1997). Consis-
tent with a regulatory mechanism that involves re-
versible dithiol/disulfide exchange, oxidized GSSG can
re-activate GSH-inactivated p54 activity. Phosphory-
lation of p54 with a partially purified CKII-like plas-
tid kinase increases its endonucleolytic activity while
dephosphorylation with calf intestinal alkaline phos-
phatase decreases it (Liere and Link, 1997). This sug-
gests that p54 is a phospho-protein in vivo (Liere and
Link, 1997). Phosphorylation and redox-control of p54
activity make it an ideal candidate for the integration
of cellular signal transduction cascades and the regu-
lation of mRNA stability in the chloroplast in response
to intra- and extra-cellular signals (Liere et al., 2001).
The gene for p54 has not been cloned and its homolo-
gies to known endonucleases from the chloroplast or
the prokaryotic system remain to be established.

Initiation of RNA degradation by endonucle-
olytic cleavage is required to remove protective sec-
ondary structures from the 3’-end and to make the
RNA accessible to 3’ to 5’ degradation (Stern and
Gruissem, 1987). To date, polynucleotide phosphory-
lase (PNPase) is the only exonuclease identified from
chloroplasts (Hayes et al., 1996; Baginsky et al., 2001).
Recent data suggested that PNPase functions not only
as an exonuclease but also as a 3’-polyadenylating en-
zyme (Yehudai-Resheff et al., 2001). Unlike in eukary-

otes, polyadenylation in chloroplasts and prokaryotes
serves as an RNA-degradation signal (Kudla et al.,
1996; Lisitsky et al., 1997). Consistent with its function
in mRNA degradation, PNPase-catalyzed polyadeny-
lation activity is enhanced in the dark whereas its ex-
onucleolytic activity is not altered (Kudla et al., 1996;
Baginsky and Gruissem, 2002). The mechanism under-
lying the control of PNPase activity is unknown.

RNA-binding proteins play a crucial role in the regu-
lation of mRNA stability. A conserved family of RNA-
binding proteins, with an N-terminal acidic region and
two RNA recognition motifs (RRMs) that are separated
by a spacer region, has been identified from chloro-
plasts of higher plants. A recent study confirmed that
these RNA-binding proteins stabilize ribosome free
mRNA in the chloroplast stroma (Nakamura et al.,
2001). A 28 kDa RNA-binding protein (28RNP) from
spinach chloroplasts has been analyzed and charac-
terized in greater detail. It was demonstrated that the
RNA-binding activity of 28RNP is regulated by phos-
phorylation of the N-terminal acidic region (Schuster
and Gruissem, 1991; Lisitsky and Schuster, 1995). In
addition to being subject to control by phosphoryla-
tion, 28RNP has been identified as a possible novel
thioredoxin target, suggesting additional redox control
of its activity (Balmer et al., 2003). Thioredoxin was
immobilized to a column and one of its two catalytic
cysteines was exchanged for a serine, which prevented
complete reduction and trapping of the substrate on the
column. This suggests that 28RNP in this screen inter-
acts directly with thioredoxin via one of its two cysteine
residues (Schuster and Gruissem, 1991; Balmer et al.,
2003).

A possible regulation of RNA-binding activities by
thioredoxin provides an efficient mechanism to connect
RNA-stability regulation to the redox state of thiore-
doxin and thus to photosynthetic electron transport.
A direct light control of the RNA-binding activity of
28RNP, however, has not been demonstrated to date.
Reconstitution of a protein extract from dark-adapted
plants with 28RNP, that was isolated from light-grown
chloroplasts, or with reduced recombinant 28RNP did
not prevent the degradation of the petD precursor
probe in vitro, not even when 28RNP was reduced
with thioredoxin m or f in the presence of DTT prior
to the reconstitution (Baginsky and Gruissem, 2002).
It is possible that 28RNP participates in the redox-
dependent assembly of an RNA-binding complex that
is required for the regulation of RNA stability. A con-
ceivable scenario is the formation of disulfide bridges
either between different RRMs, as has been reasoned
for the chloroplast poly A binding protein (RB47) from
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Chlamydomonas (Fong et al., 2000), and possibly also
across different RNA-binding proteins. Further exper-
iments are necessary to confirm the light regulation of
RNA-binding activities in higher plant chloroplasts and
to elucidate the mechanistic details of light-regulated
mRNA stability regulation.

C. Chloroplast RNA Splicing and
Translation Elongation: Examples for Mixed
or Unknown Light-Driven Signal
Transduction Chains

Apart from the initial indirect observations, light-
regulated RNA splicing is not a well-established mech-
anism, and no data about the nature of the signals
or the mediators are available. Splicing of psbA RNA
plays a crucial role in the assembly of the D1 protein,
that contains four large group-I introns in Chlamy-
domonas reinhardtii. Control of D1 protein assem-
bly is tightly linked to the activity status of the pho-
tosynthetic electron transport chain. Light markedly
stimulates the splicing process and supports the as-
sembly of a functional D1 protein that can replace
degraded D1 in the reaction center of photosystem
II (Deshpande et al., 1997). This activation is abol-
ished by inhibitors of the photosynthetic electron trans-
port chain, such as DCMU and DBMIB (Fig. 1), but
not by the ATP-synthesis inhibitor CCCP (Deshpande
et al., 1997). These data strongly suggest that psbA
splicing is regulated by the activity status of the pho-
tosynthetic electron transport chain. Support for this
view comes from the observation that a mutant de-
fective in the cytochrome b6/f complex lacks the light
induction of psbA splicing (Deshpande et al., 1997).
To date, it is not clear, however, whether the signal
transduction occurs via redox signals, or other light-
driven signals such as changes in the trans-thylakoid
pH gradient. A regulatory role of the redox status of
the plastoquinone/plastoquinol pool is unlikely since
DCMU and DBMIB both prevent the light induction of
mRNA splicing. Redox regulation by thioredoxin has
been suggested, but no data are available to support
this view or to exclude a role of other redox carriers
or the trans-thylakoid pH gradient in this regulatory
system (Deshpande et al., 1997). Genetic screens for
nuclear genes involved in psbA splicing of Chlamy-
domonas chloroplast genes could help to identify pos-
sible targets for this regulation and provide clues about
its mechanistic basis. However, only one single nuclear
gene locus with a function in psbA splicing has been
identified to date (Li et al., 2002).

The light-regulation of translation elongation is an
example that demonstrates that light regulates enzy-
matic activities not only via redox signals, but also via
the trans-thylakoid pH gradient that is generated dur-
ing photosynthetic electron transport (Mühlbauer and
Eichacker, 1998; Edhofer et al., 1998; Zhang et al.,
2000). Light-regulation of translation elongation was
initially deduced from experiments with inhibitors of
the photosynthetic electron transport chain, such as
DCMU and DBMIB that were both capable of dimin-
ishing the rate of D1 translation elongation. Feeding of
electron donors such as DCPIP and duroquinone par-
tially restores the productive translation elongation in
DCMU-blocked chloroplasts in the light but not in the
dark (Edhofer et al., 1998; Mühlbauer and Eichacker,
1998). In a series of experiments, Mühlbauer and Eich-
hacker presented compelling evidence that the trans-
thylakoid pH gradient is responsible for the regulation
of translation elongation. Consistent with this, solu-
ble redox carriers that accept electrons from photo-
system I do not restore translation elongation activ-
ity in DCMU-blocked cells (Mühlbauer and Eichacker,
1998). Similarly, Zhang et al. (2000) reported that ox-
idizing reagents such as NEM or IBZ were capable of
inhibiting translation elongation. These data suggest
that, in addition to the trans-thylakoid pH gradient,
dithiol/disulfide exchange is an important regulatory
event in translation elongation, although the extent of
contribution and a possible signal hierarchy remain to
be addressed (Zhang et al., 2000). It was further demon-
strated that oxidizing conditions slowed down the co-
translational assembly of nascent polypeptide chains
into photosystem II. The redox-responsiveness of the
assembly of multi-subunit protein complexes opens up
a completely new level of regulation via redox regula-
tion of protein/protein interactions. Redox regulation at
this level significantly broadens and diversifies the im-
pact of photosynthetic electron transport on regulatory
processes.

III. Transcription

A. The Complexity of the Chloroplast
Transcription Apparatus

As in bacteria and eukaryotic nuclear systems, de novo
synthesis of RNA in chloroplasts is a complex enzy-
matic process with a number of aspects to consider, in-
cluding multiple RNA polymerases, transcription fac-
tors, and protein modifications (Stern et al., 1997;
Maliga, 1998; Hess and Börner, 1999). Light and other
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environmental cues can affect the plastid transcription
apparatus and, despite initial arguments against it (e.g.
Deng and Gruissem, 1987), clear-cut evidence based on
in organello run-on transcription data suggests the par-
ticipation of transcriptional regulation in light- versus
dark-grown tissues (Klein and Mullet, 1990; Schrubar
et al., 1991; Isono et al., 1997; Sakai et al., 1998).

The notion that plastid transcription can indeed be
subject to regulation was further supported by the find-
ings of multiple RNA polymerases in the organelle,
each with a specific role in a developmental context
(Mullet, 1993; Maliga, 1998). Based on current nomen-
clature (Maliga, 1998), at least two principally differ-
ent transcription enzymes can be distinguished. One
of them, the “Plastid-Encoded Polymerase” (PEP) ac-
cording to the organellar coding of its multi-subunit
core, resembles bacterial RNA polymerase (Cramer,
2002). The “Nuclear-Encoded Polymerase” (NEP), on
the other hand, has a single catalytic subunit like those
of the “uneven” (T3/T7) bacteriophages and mitochon-
dria, and this polypeptide is encoded by a nuclear gene
(Stern et al., 1997; Maliga, 1998; Hess and Börner,
1999). Even more intriguing, the PEP enzyme can exist
in two different forms, “A” and “B” (Pfannschmidt and
Link, 1997). While the “B” enzyme closely resembles
bacterial RNA polymerase, the “A” enzyme has acces-
sory polypeptides that are nuclear-encoded and provide
“eukaryotic” features to this enzyme. The “A” form is
the major RNA polymerase of functional chloroplasts
(Pfannschmidt and Link, 1997) and is subject to redox
regulation as will be outlined below (for a review, see
Link 2001, 2003).

B. Players and Mechanisms of
Redox-regulated Chloroplast Transcription

The possibility of redox regulation of chloroplast tran-
scription was theoretically addressed by Allen (1993).
Studies by Pearson et al. (1993) on RNA synthesis in
isolated lettuce chloroplasts lent initial support to this
idea. It was shown that dark-incubated chloroplasts
were more active in RNA synthesis than those incu-
bated in the light, and inhibitors of electron flow acting
after PS II (DCMU, DBMIB) or on the cytochrome b6 f
complex (bromanil) resulted in enhanced RNA synthe-
sis in the light but not in the dark. The authors therefore
concluded that the incorporation of radiolabel under the
experimental conditions was favored if the cytochrome
b6 f complex was in the oxidized state. This statement
was clearly justified, even though these early experi-
ments were carried out in a way that did not rigorously
distinguish transcription and other enzymatic reactions

leading to the incorporation of radioactive label into
RNA. Although the 3H-NAD used as the radioactive
label was found to be rapidly converted to 5’-AMP and
adenosine, and then incorporated into RNA, RNA syn-
thesis was only partially inhibited by actinomycin D.
This suggested that only a fraction of the labeled prod-
ucts represented the result of DNA template-dependent
RNA synthesis (transcription). The most likely inter-
pretation of these results is that the incorporation rep-
resented a partial terminal addition of NAD-derived
adenine residues to preexisting RNA molecules, i.e.
polyadenylation (see part II above).

Using the established in organello run-on transcrip-
tion technique (Deng and Gruissem, 1987; Mullet
and Klein, 1987), Pfannschmidt et al. (1999) pro-
vided further evidence for control of de novo template-
dependent RNA synthesis in chloroplasts by photosyn-
thetic electron flow. They preincubated plastids isolated
from mustard (Sinapis alba) cotyledons in the ab-
sence or presence of DCMU or DBMIB, followed
by in organello run-on transcription reactions. The
formation of newly-synthesized transcripts from sin-
gle chloroplast genes was furthermore assessed using
gene-specific hybridization probes (Link, 1994) (Fig.
2). The mustard seedlings from which chloroplasts

Fig. 2. Chloroplast DNA and redox regulated genes. Physical
map of the cloned DNA molecule from the crucifer Sinapis alba
(mustard), showing the architecture and arrangement of typical
genes. For more complete details of higher-plant chloroplast
DNA features, see e.g. Sugita and Sugiura (1996). The gene
map shown here is based on that summarized by Link (1994)
with added information listed more recently (e.g. Homann and
Link, 2003). Genes that have been shown to be activated by
high-intensity light (Baena-González et al., 2001) are under-
lined, and those selectively affected by light quality changes
(Pfannschmidt et al, 1999a, b) are boxed.
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were isolated were grown under two spectrally different
light sources known to favor either PS I or PS II, thus
resulting in an imbalance of electron flow between the
two photosystems (Glick et al., 1986). Using a psaA/B
probe for the genes encoding the two major reaction
center proteins of PSI, less transcriptional activity was
detected in plastids from seedlings grown under red
light primarily absorbed by PS I (PS I light) than those
grown under yellow light preferentially absorbed by PS
II (PS II light). In addition, the negative effect of PS I
light could be mimicked by DCMU and, conversely, the
positive effect of PS II light was partially mimicked by
DBMIB. This led the authors to conclude that psaA/B
transcription decreases when the plastoquinone pool is
oxidized (PS I light or DCMU), and increases when the
pool is reduced (PS II light or DBMIB).

Rather than using spectral light quality changes,
Baena-González at al. (2001) investigated the effect
of different light intensity on the in organello rates
of specific transcription of chloroplast genes. These
experiments showed that chloroplasts from mustard
seedlings grown under high light (1,000 μmol pho-
tons m−2 s−1) are transcriptionally more active than
those from seedlings grown under standard growth light
(50 μmol photons m−2 s−1). High-light conditions af-
fect photosynthetic electron flow as well as turnover
of reaction center proteins (photoinhibition) and result
in changes in chloroplast redox state (Aro et al., 1993;
Karpinski et al., 1997). The run-on transcription data by
Baena-González et al. (2001) suggest that this change
in redox balance results in a global, rather than differ-
ential, activation of chloroplast transcription. This is
borne out by the observation that not only were genes
for photosynthetic proteins activated by high light, but
the same was true for genes for non-photosynthetic
products (mostly tRNA and rRNA genes) that were
included in this analysis. This is different from the re-
sults obtained for chloroplast transcription following
light quality adaptation (Pfannschmidt et al., 1999a,
b). It is thus possible that plastids use more than a
single strategy in regulating gene expression (Figs. 1
and 2).

Hence, the question emerging from both the light
quality and light quantity experiments described was:
what are the mechanism(s) transducing the redox sig-
nal to the chloroplast transcription apparatus? Some
experimental evidence suggested that phosphoryla-
tion/dephosphorylation of regulatory proteins might be
involved. As suggested by Allen (1993) on the basis of
two-component regulation in photosynthetic prokary-
otes, it was expected that chloroplasts might have re-
tained this highly successful regulatory mechanism that

can be found in a wide range of eukaryotic organ-
isms including plants. Despite intense research in this
direction, however, the only evidence pointing to or-
ganellar two-component regulation stems from a chrys-
ophyte alga (Jacobs et al., 1999), whereas other photo-
synthetic eukaryotes, from green algae to higher plants,
have thus far proven negative in this respect.

This does not necessarily imply that phosphoryla-
tion control of plastid transcription is absent. On the
contrary, evidence for an involvement of this mecha-
nism has been available for more than a decade. Targets
for this type of reversible protein modification in
chloroplasts are the sigma-like factors (SLFs), i.e. pro-
teins that, like their bacterial counterparts, confer pro-
moter selection and transcription initiation specificity
on the core RNA polymerase (Burgess and Anthony,
2001). Three different SLFs, named SLF67, SLF52,
and SLF29, were purified from mustard chloroplasts
(Tiller et al., 1991) and same-sized SLFs were also de-
tected in etioplasts (Tiller and Link, 1993a). Interest-
ingly, however, the equivalent factors from each plastid-
type behaved differently with respect to their enzymatic
characteristics, and explained by a different extent of
phosphorylation (Tiller and Link, 1993b), suggesting
that plastid transcription might indeed be regulated via
reversible phosphorylation of sigma factors, and per-
haps other regulatory proteins (for reviews see e.g. Link
1996; Link et al., 1997).

Support for this idea came from the purification
of the chloroplast protein kinase responsible for SLF
phosphorylation. This serine-specific enzyme, termed
Plastid Transcription Kinase (PTK), was found to be
loosely associated with chloroplast RNA polymerase
PEP-A (Baginsky et al., 1997). Furthermore, PTK ac-
tivity itself was found to respond to phosphorylation,
suggesting that it might be the terminal component in
a signaling cascade that controls chloroplast transcrip-
tion in vivo and contains other member(s) that still await
identification.

Subsequent work showed that PTK uses not only
chloroplast sigma factors as substrates, but also several
others of the 15 or so polypeptides that comprise the
PEP-A chloroplast RNA polymerase (Baginsky et al.,
1999; Pfannschmidt et al., 2000; Baena-González at al.,
2001). The PTK activity state was found to be a critical
factor that determines the extent of faithful transcrip-
tion from the psbA promoter in an in vitro homolo-
gous plastid system. Furthermore, the kinase activity in
vitro was affected both by phosphorylation and reduced
glutathione (GSH), albeit in an antagonistic manner.
The unphosphorylated (active) enzyme was inhibited
by GSH, whereas the phosphorylated (inactive) PTK
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form was re-activated by the redox reagent (Baginsky
et al., 1999). This suggested that PTK might indeed be
a key player in both phosphorylation and redox control
in vivo, perhaps connecting a sensor of photosynthetic
electron flow to chloroplast gene expression directly at
the transcriptional level or in a joint manner with other
member(s) of a signaling chain (for review see Link
et al., 1997; Link 2001).

The purified PTK enzyme from mustard chloroplasts
(Baginsky et al., 1997, 1999) was classified as a mem-
ber of the CMGC group of protein kinases, a name that
is based on the first letters of the principal families rep-
resenting this group: CDK (cyclin-dependent kinases),
MAPK (mitogen-activated kinases), GSK-3 (glycogen
synthase kinase 3), and CK2 (casein kinase 2) (Stone
and Walker, 1995). Its (mostly nucleo-cytosolic) mem-
bers include terminal components of signaling chains
that phosphorylate nuclear transcription factors (Pinna,
1997). A prototype kinase of this type is CK2 that is
a known transcriptional regulator in animal and yeast
(Ghavidel and Schultz, 2001) as well as in plant sys-
tems (Klimczak et al., 1995).

In an effort to further characterize the chloroplast
transcription kinase (PTK), Ogrzewalla et al. (2002)
set out to clone the gene for the catalytic component.
This work provided evidence that PTK is a nuclear-
encoded chloroplast transcription factor closely related
to nucleo-cytosolic CK2, with high sequence simi-
larity to the (catalytic) alpha subunit from a wide
range of organisms (Ogrzewalla et al., 2002). The gene
product synthesized in vitro by coupled transcription-
translation was found to be imported into isolated
chloroplasts as a precursor and processed correctly.
Following bacterial overexpression of the full-length
cDNA for the mature product, the purified recombinant
protein was found to have biochemical characteristics
typical of CK2-alpha. Furthermore, using either anti-
bodies against the bacterially expressed protein or mass
spectrometry, the authentic chloroplast protein was de-
tected as a component of the organellar transcription
apparatus. Based on these criteria, the catalytic com-
ponent of chloroplast PTK was named cpCK2-alpha
(Ogrzewalla et al., 2002). A comparison of the sub-
strate specificity and glutathione sensitivity of the re-
combinant and authentic chloroplast enzymes revealed
very similar properties. Both enzyme preparations are
capable of using plastid sigma factor(s) and several
other RNA polymerase-associated proteins as phos-
phorylation substrates, and both are inhibited by GSH
(Baginsky et al., 1997; Baena-González at al., 2001;
Ogrzewalla et al., 2002). Hence, current evidence sug-
gests that it is this CK2-type activity that is responsible

Fig. 3. SH Redox control of chloroplast transcription by glu-
tathione mediated by the plastid transcription kinase now iden-
tified as a CK2-class protein kinase. The scheme depicts the
situation borne out by studies of the mustard chloroplast tran-
scription apparatus (Baginsky et al., 1997, 1999) and the func-
tional characterization of the cloned kinase named cpCK2
(Ogrzewalla et al., 2002). PEP-A is the multi-subunit RNA
polymerase that is responsible for transcription of most organel-
lar genes in mature chloroplasts (Pfannschmidt et al., 2000;
Baena-González et al., 2001). The cloned mustard sigma tran-
scription factors have been recently described (Homann and
Link, 2003). In essence, the scheme indicates that GSH in-
hibits the (unphosphorylated) kinase form and hence activates
transcription. Conversely, the phosphorylated kinase form is re-
activated under these conditions, which leads to transcriptional
down-regulation. Both sigma factors and several other polypep-
tides of the transcription complex are substrates for cpCK2 (for
review, see e.g. Link, 2001, 2003).

for phosphorylation and redox control of the PEP-A
transcription apparatus. The cloned gene product will
be useful, e.g. to define interaction partners, and mu-
tants can be expected to provide further functional in-
sights into the role of this kinase in the (redox) regula-
tion of chloroplast gene transcription (Fig. 3).

IV. Connections, Outlook
and Perspectives

How can the redox signaling mechanisms that probably
connect photosynthetic electron transport to gene ex-
pression at various levels (Fig. 1 and Table 1) be further
pinpointed? The answers will likely be obtained from
a combination of molecular genetics and biochemistry
efforts. Both naturally occurring mutants (e.g. Barkan
et al., 1994; Lopez-Juez et al., 1998; Meurer et al.,
1998) and transgenic systems (Allison and Maliga,
1995; Rochaix, 1997; Shiina et al., 1998) will be impor-
tant approaches to carry out functional analyses. The
cloning of most, if not all genes for photosynthesis pro-
teins has been achieved, and so has that of the genes
encoding the core components of the organellar gene
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expression machinery (reviewed by Sugita and Sugiura,
1996; Maliga, 1998). What remains to be a challenging
task for the years to come is the definition of the vari-
ous “layers” of accessory and regulatory proteins that
surround the basic core. These components can be ex-
pected to reveal a dynamic composition, including fac-
tors that act in a highly stage- and/or stimulus-specific
manner, those that are only transiently involved, and
those that connect large multi-protein complexes such
as those involved in the various steps of gene expres-
sion. At the level of transcription, cloning and func-
tional analysis of the genes for plastid sigma factors is
in rapid progress (for a review, see e.g. Allison, 2000;
Privat et al., 2003; Homann and Link, 2003), as is the
cloning of genes for other accessory factors involved
in chloroplast transcription (PTK, SOD) and possi-
ble connectors to post-transcriptional processes (RNA-
binding proteins of the PEP-A transcription complex)
(Pfannschmidt et al., 2000; Ogrzewalla et al., 2002).

Light-dependent redox control of posttranscriptional
processes and, more recently discovered, of transcrip-
tion (see details above) plays a key role in the regula-
tion of chloroplast gene expression (Fig. 1). An emerg-
ing theme is the signal transduction by soluble redox
carrier such as thioredoxin and glutathione. Thiore-
doxin is reduced at photosystem I and well known to
mediate redox-control of enzymatic activities by re-
versible dithiol/disulfide exchange (Buchanan, 1991).
This type of enzymatic control adjusts the activities
of metabolic enzymes directly to the levels of photo-
synthetic electron transport. Recently, the potential for
thioredoxin-mediated redox control of proteins from
regulatory pathways has been recognized. This dual
role of thioredoxin has been elegantly summarized
in a search for novel thioredoxin targets combined
with a proteomics approach (Balmer et al., 2003). In
this screen, Buchanan and colleagues identified sev-
eral known thioredoxin targets confirming the validity
of this type of experiment. Furthermore, they uncov-
ered a number of novel thioredoxin targets, among them
proteins with a function in chloroplast mRNA stability
and translation (Balmer et al., 2003). It is notable that
no proteins involved in transcription or transcription
regulation were identified suggesting mechanistic dif-
ferences in the light-mediated redox regulation of gene
expression.

A systematic search for novel targets of redox regu-
lation will help complete the picture of redox-regulated
processes at the posttranscriptional level. Similar to
the screen for thioredoxin targets, other potential re-
dox carrier such as glutathione can be used as an affin-
ity matrix for column chromatography. Combined with

proteomics approaches, these experiments could offer
deeper insights into redox-regulated processes, uncover
a novel set of putative targets for redox regulation, and
help to elucidate mechanisms of signal cross-talk under
a variety of environmental conditions.
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Zheng M, Åslund F and Storz G (1998) Activation of the OxyR
transcription factor by reversible disulfide bond formation.
Science 279: 1718–1721



Chapter 18

Intracellular Signaling and Chlorophyll Synthesis

Robert M. Larkin∗
MSU-DOE Plant Research Laboratory and Department of Biochemistry and Molecular Biology,

Michigan State University, East Lansing, MI 48824, USA

Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289
II. Chlorophyll Biosynthetic Mutant, Inhibitor, and Feeding Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .290
III. Plastid-to-Nucleus Signaling Mutants Inhibit Mg-Porphyrin Accumulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .293
IV. Mechanism of Mg-Proto/Mg-ProtoMe Signaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .294
V. Plastid and Light Signaling Pathways Appear to Interact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297
VI. Conclusions and Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298

Summary

The chloroplast proteome is encoded by genes that reside in both the chloroplast and the nucleus. This separation
of genetic material necessitates a system for coordinating the expression of genes that reside in each compartment.
Because the overwhelming majority of genes that encode chloroplast proteins reside in the nucleus, the regulation
of nuclear genes by developmental and environmental cues plays a dominant role in chloroplast development and
function. However, the chloroplast is not indifferent to its own protein composition. In fact, the chloroplast generates
signals that have dramatic effects on the expression of nuclear genes that encode particular chloroplast proteins.
Currently it is known that plastids produce at least a few distinct signals during chloroplast development that are
required for proper expression of particular nuclear genes that encode components of the photosynthetic machinery.
In response to certain environmental signals, mature chloroplasts send additional signals that regulate nuclear gene
expression. The molecular nature of most of these plastid-to-nucleus signaling pathways is not well established.
However, a number of studies have suggested that accumulation of certain chlorophyll precursors within plastids
is a signal that regulates nuclear gene expression during chloroplast development and during the diurnal cycle.
Future work in this area should provide detailed molecular information on the influence of chlorophyll synthesis
and other plastid-localized metabolism on nuclear gene expression and how plants utilize this form of interorganellar
communication during their lifecycles.

I. Introduction

The photoautotrophic lifestyle of plants is absolutely
dependent on chloroplasts, which are the products of

∗Author for correspondence, email: larkinr@msu.edu

Abbreviations: GUN – Genomes uncoupled; Lhcb – light-
harvesting chlorophyll a/b-binding protein of photosystem II;
Mg-Proto – magnesium protoporphyrin IX; Mg-ProtoMe –
magnesium protoporphyrin IX 6-monomethyl ester; Pchlide
– protochlorophyllide; Proto – protoporphyrin IX; RBCS –
ribulose 1, 5-bisphosphate carboxylase/oxygenase small subunit.

an endosymbiotic relationship between an ancient eu-
karyote and a predecessor of modern cyanobacteria.
As the endosymbiotic relationship between eukary-
otic and cyanobacterial cells gave rise to modern pho-
tosynthetic organisms, the overwhelming majority of
the ancient cyanobacterial genome was lost or trans-
ferred to the nucleus of the eukaryotic host (Herrmann
et al., 2003). Currently chloroplast genomes of higher
plants are known to encode 60 to 80 proteins, and
more than 3500 nuclear genes are predicted to encode
chloroplast proteins in Arabidopsis thaliana (Martin

B. Demmig-Adams, William W. Adams III and A.K. Mattoo (eds), Photoprotection, Photoinhibition, Gene Regulation, and Environment, 289–301.
© Springer Science+Business Media B.V. 2008 
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and Hermann, 1998; Arabidopsis Genome Initiative,
2001). As expected, the nucleus plays a dominant role
in chloroplast development, but the expression of nu-
clear genes that encode chloroplast proteins is also de-
pendent on the functional and developmental state of
the chloroplast. Chloroplasts send signals to the nu-
cleus that are essential for proper expression of nuclear
genes that encode proteins with functions related to
photosynthesis, coordinating expression of chloroplast
and nuclear genomes, and proper leaf morphogenesis
(Rodermel, 2001; Surpin et al., 2002; Gray et al., 2003;
Rodermel and Park, 2003; Reinbothe and Reinbothe,
this volume). Because chloroplasts perform essential
metabolic functions, it is not surprising that the func-
tional state of the chloroplast has a dramatic influence
on gene expression and developmental decisions, but
little is known about the molecular mechanisms that
chloroplasts use to communicate with other cellular
compartments.

Mayfield and Taylor (1984) used maize seedlings
in which chloroplast development was arrested at an
early developmental stage to provide the first evidence
that the developmental state of the chloroplast has a
powerful effect on the expression of nuclear genes that
encode particular chloroplast proteins. Subsequently, a
number of studies have indicated that proper expression
of nuclear genes that encode proteins with functions re-
lated to photosynthesis is dependent on normal chloro-
plast development in diverse monocotyledonous and
dicotyledonous plants (Oelmüller, 1989; Gray et al.,
2003; Strand et al., 2003). More recent experiments
indicate that there are a number of distinct plastid-to-
nucleus signaling pathways. Each of these signaling
pathways is likely essential for proper metabolism un-
der particular developmental and environmental con-
ditions (Mochizuki et al., 2001; Rodermel et al., 2001;
Mullineaux and Karpinski, 2002; Surpin et al., 2002;
Gray et al. 2003; Pfannschmidt, 2003; Rodermel and
Park, 2003).

The physiological significance of some chloroplast
signaling pathways seems clear. For example, some
pathways fine tune the expression of nuclear genes
that encode components of the photosynthetic machin-
ery to particular light environments (Pfannschmidt,
2003); other pathways induce the expression of
nuclear-encoded antioxidant defense proteins as reac-
tive oxygen species accumulate within the chloroplast
(Mullineaux and Karpinski, 2002; Mullineaux et al.,
this volume). It is likely that plastid signaling pathways
linking chloroplast development to other cellular pro-
cesses are important as seedlings emerge from under-
neath the soil and/or ground cover and begin the tran-
sition from heterotrophic to photoautotrophic growth.

Examples of plastid-to-nucleus signaling pathways that
might be important during photomorphogenesis in-
clude pathways that link leaf morphogenesis and the ex-
pression of nuclear genes that encode proteins active in
photosynthesis to chloroplast development (reviewed
in Oelmüller, 1989; Rodermel, 2001; Surpin et al.,
2002; Gray et al., 2003; Rodermel and Park, 2003;
Reinbothe and Reinbothe, this volume). Plastids appear
to use different pathways for influencing leaf develop-
ment and coordinating the expression of nuclear genes
encoding proteins that are active in photosynthesis with
chloroplast development (Rodermel, 2001). There is
now substantial evidence that the cell uses more than
one signal to monitor chloroplast development, and one
of these signals appears to be the accumulation of par-
ticular chlorophyll precursors. In this chapter, the data
supporting a role for chlorophyll precursors in intracel-
lular communication are reviewed and current models
for chlorophyll precursor signaling as well as future
directions of this field are discussed.

II. Chlorophyll Biosynthetic Mutant,
Inhibitor, and Feeding Studies

Tetrapyrroles are the intermediates and end prod-
ucts of the chlorophyll, heme, and phytochromobilin
biosynthetic pathway (Fig. 1a). Tetrapyrroles are best
known for their importance in metabolism, but there
is precedence for heme (Fig. 1b) also functioning
as a ligand for factors that regulate gene expres-
sion in yeast, animal, and bacterial cells (Chen and
London, 1995; Sassa and Nagai, 1996; Zhang and
Hach, 1999; O’Brian and Thony-Meyer, 2002). Mg-
protoporphyrin IX monomethyl ester (Mg-ProtoMe,
Fig. 1c), a chlorophyll precursor that bears a striking
resemblance to heme, was first suggested to act as a reg-
ulator of nuclear gene expression in Chlamydomonas
reinhardtii (Johanningmeier and Howell, 1984). Using
mutations and inhibitors that were previously shown to
affect accumulation of the chlorophyll precursor Mg-
ProtoMe, these researchers reported an inverse cor-
relation between Mg-ProtoMe accumulation and the
levels of the light-harvesting chlorophyll a/b-binding
protein of photosystem II (Lhcb) mRNA and ribu-
lose 1, 5-bisphosphate carboxylase/oxygenase small
subunit RBCS mRNA (Johanningmeier and Howell,
1984; Johanningmeier, 1988; Jasper et al., 1991). Pro-
toporphyrin IX (Proto) and protochlorophyllide (Pch-
lide) appeared to be less effective regulators of nuclear
transcription than Mg-ProtoMe (Johanningmeier and
Howell, 1984).
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Fig. 1. Tetrapyrrole synthesis in plastids. (A) The plastid tetrapyrrole biosynthetic pathway. The reactions in which GUN2, GUN3,
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Considering the precedence for heme-regulated
gene expression, it is reasonable to propose that some
chlorophyll precursors, which bear a striking resem-
blance to heme, might regulate the expression of
particular nuclear genes in algal and plant cells. Unfor-
tunately, serious technical difficulties have hampered
efforts to examine the influence of Mg-ProtoMe and
other related tetrapyrroles on the regulation of nuclear
gene expression in plants and algae. For example,

Mg-ProtoMe is extremely hydrophobic and is not
taken up well by plants. Also, Mg-ProtoMe and other
chlorophyll precursors are excellent photosensitizing
agents. Excited triplet states of these porphyrins
generate reactive oxygen species via collisions with
molecular oxygen, and misregulation of the chloro-
phyll biosynthetic pathway intermediates can cause
lethal photooxidative damage. The photosensitiz-
ing properties of Mg-ProtoMe and other chlorophyll
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precursors are especially troubling because some of the
most dramatic effects of plastid-to-nucleus signaling
pathways on nuclear gene expression are directed at
light-induced nuclear genes that encode proteins with
functions related to photosynthesis (Oelmüller, 1989;
Rodermel, 2001; Surpin et al., 2002; Gray et al., 2003;
Rodermel and Park 2003; Strand et al., 2003). These
genes are expressed at low levels under conditions
where chlorophyll precursors are nonphotosensitizing
(e.g., constant darkness; Terzaghi and Cashmore,
1995). Nonetheless, a number of researchers overcame
these formidable technical barriers and subsequently
reported additional experimental support for a role for
particular chlorophyll precursors in the regulation of
nuclear gene expression.

Kropat et al. (1997) found that chlorophyll precur-
sor feeding does not appear to have toxic effects on
Chlamydomonas cells in the dark. In contrast, feed-
ing chlorophyll precursors to cells in the light causes
lethal photooxidative damage. Kropat et al. (1997)
further reported that feeding Mg-protoporphyrin IX
(Mg-Proto) and Mg-ProtoMe to Chlamydomonas cells
induced nuclear HSP70 genes in the dark (Kropat et al.,
1997, 2000). More detailed analysis of one Chlamy-
domonas HSP70 promoter implied that Mg-Proto
and Mg-ProtoMe mediated-induction of HSP70 genes
required a light-responsive promoter element. Low
concentrations of Mg-Proto induced HSP70 genes and
induction kinetics were rapid (Kropat et al., 1997). In-
terestingly, Chlamydomonas cells take up Proto and
convert it to Mg-Proto in the chloroplast. Because
Proto feeding does not induce nuclear HSP70 gene
expression in the dark, Kropat et al. (2000) proposed
that Mg-Proto and Mg-ProtoMe are exported from the
plastid in the light and that export of Mg-Proto and
Mg-ProtoMe is required for activation of HSP70 gene
transcription.

Plants do not take up Mg-Proto and Mg-ProtoMe,
but it is possible to perturb endogenous levels of these
Mg-porphyrins by feeding plants δ-aminolevulinic acid
(ALA), which is a small hydrophilic tetrapyrrole pre-
cursor. ALA feeding can flood the plastid tetrapyrrole
biosynthetic pathway with intermediates and cause ac-
cumulation of chlorophyll precursors (Granick, 1959;
Gough, 1972; Mascia, 1978). ALA feeding was re-
ported to repress Lhcb mRNA levels in cress and in
Arabidopsis seedlings (Kittsteiner et al., 1991; Vinti
et al., 2000). In these experiments, Lhcb mRNA lev-
els were monitored after a brief, nonphotosensitizing
pulse of red light, during continuous illumination with
nonphotosensitizing far-red light, or in complete dark-
ness. Because the accumulation of plastid tetrapyrroles

correlated with reduced levels of Lhcb mRNA under
all of these nonphotosensitizing conditions, these ex-
periments suggest that accumulation of Mg-porphyrins
and/or other plastid-derived tetrapyrroles may regulate
nuclear transcription in plants.

Some inhibitor treatments appear to more specif-
ically promote Mg-Proto and Mg-ProtoMe accumu-
lation compared to ALA feeding. For example, the
Rüdiger laboratory found that thajaplicin and amit-
role treatments that cause Mg-ProtoMe and Mg-Proto
accumulation, respectively, specifically inhibit Lhcb
and/or RBCS expression (Oster et al., 1996; La Rocca
et al., 2001). In these experiments, Lhcb and RBCS
mRNA levels were reduced after Mg-Proto or Mg-
ProtoMe levels were induced in a nonphotosensitizing
white light fluence, nonphotosensitizing far-red light,
or complete darkness. These results further support
the hypothesis that Mg-Proto/Mg-ProtoMe accumula-
tion might affect nuclear gene expression. Because the
ALA-feeding and inhibitor studies were carried out un-
der nonphotosensitizing conditions, this work suggests
that tetrapyrrole accumulation and not tetrapyrrole-
induced photooxidative stress affected nuclear gene ex-
pression in these experiments. These results also im-
ply that Mg-Proto/Mg-ProtoMe signaling may differ
between plants and Chlamydomonas because buildup
of Mg-Proto/Mg-ProtoMe in Chlamydomonas chloro-
plasts does not affect nuclear gene expression in the
dark (Kropat et al., 2000), but Mg-porphyrin accumu-
lation in plant plastids has dramatic affects on nuclear
gene expression in dark (Vinti et al., 2000; La Rocca
et al., 2001).

The plastid signaling studies carried out under non-
photosensitizing conditions are important to consider
when interpreting other experiments that utilized the
photosensitizing properties of tetrapyrroles to evaluate
the influence of chloroplast development on nuclear
transcription. For example, many plastid-to-nucleus
signaling studies have employed norflurazon, a pho-
tobleaching herbicide. Norflurazon inhibits the syn-
thesis of carotenoids, which quench excited triplet
states of chlorophyll. Therefore, when norflurazon-
treated seedlings are grown in bright light, substan-
tial amounts of reactive oxygen species are produced,
and the resulting photooxidative damage blocks chloro-
plast development at an early stage (Oelmüller, 1989).
Cells containing these developmentally arrested plas-
tids also exhibit severe repression of photosynthesis-
related genes that reside in the nucleus. Strand
et al. (2003) showed that Mg-Proto accumulation in
norflurazon-treated seedlings and feeding Mg-Proto,
but not porphobilinogen, protoporphyrin IX, or heme
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to Arabidopsis protoplasts results in a decrease in Lhcb
gene expression.

The results described above provide compelling evi-
dence that Mg-Proto and Mg-ProtoMe accumulation in
plastids regulates nuclear transcription in plants and al-
gae. But it is also important to consider whether these
particular Mg-porphyrin-induced effects on gene ex-
pression might occur during normal growth and de-
velopment or whether buildup of these Mg-porphyrins
is specific to the unphysiological precursor feeding
and inhibitor treatments. Actually, Mg-Proto and Mg-
ProtoMe levels change dramatically during the diurnal
cycle. Mg-Proto and Mg-ProtoMe have been reported
to transiently increase 50- to 100-fold at dawn (Pöpperl
et al., 1998; Papenbrock et al., 1999). When analyzed,
the ALA feeding and the inhibitor treatments described
above caused only a 5- to 15-fold increase in Mg-Proto
levels (La Rocca et al., 2001; Strand et al., 2003). There-
fore, the experimental conditions commonly used to
perturb Mg-Proto and Mg-ProtoMe levels do not in-
duce these porphyrins to accumulate above levels rou-
tinely occurring in plants during normal growth.

Mg-Proto transiently increases 5-fold and Mg-
ProtoMe accumulates to a lesser degree after Chlamy-
domonas cells are transferred from the dark to the
light. Therefore, a transient burst of Mg-Proto and Mg-
ProtoMe at dawn appears to be conserved in both plants
and algae. Moreover, this transient increase in Chlamy-
domonas Mg-Proto and Mg-ProtoMe levels appears to
be essential for induction of a nuclear HSP70 gene after
the dark-to-light shift (Kropat et al., 2000). By analogy,
the Mg-Proto/Mg-ProtoMe buildup at dawn might also
affect nuclear transcription in plants. The Arabidopsis
cs mutant, which contains a mutation in a gene encod-
ing a subunit of the Mg-Proto-producing enzyme Mg-
chelatase, exhibits reduced induction of HSP70 expres-
sion after a dark-to-light shift. Surprisingly, however,
the Arabidopsis cch1 mutant, which contains a muta-
tion in a different Mg-chelatase subunit gene, does not
exhibit reduced induction kinetics of HSP70 expres-
sion after the dark-to-light shift (Brusslan and Peterson,
2002). These results suggest that Mg-Proto might par-
ticipate in HSP70 expression in plants. However, more
work will be required to confirm a role for Mg-Proto
in the induction of HSP70 gene expression in plants
and to determine why HSP70 expression is impaired in
cs mutants but not in cch1 mutants. Exactly how the
transient peak of Mg-Proto/Mg-ProtoMe affects the
plant transcriptome and whether additional bursts of
Mg-Proto/Mg-ProtoMe regulate gene expression dur-
ing particular phases of plant development remains to
be determined.

III. Plastid-to-Nucleus Signaling Mutants
Inhibit Mg-Porphyrin Accumulation

Susek and Chory (1992) developed a reporter gene-
based screen in Arabidopsis thaliana to isolate mutants
in which Lhcb expression is uncoupled from chloro-
plast development. Because the normal coordinated
expression of the nuclear and chloroplast genomes is
uncoupled in these mutants, they are referred to as
gun for genomes uncoupled. Mutations defining 5 loci
were isolated from this screen, gun1-gun5 (Susek et al.,
1993; Mochizuki et al., 2001). The recessive nature of
these mutations suggests that they affect repressive sig-
naling pathways. Double mutant studies indicate that
these five gun mutants define two partially redundant
signaling pathways: one pathway is defined by gun1,
the other by gun2, gun3, gun4, and gun5 (Mochizuki
et al., 2001).

GUN2, GUN3, GUN4, and GUN5 have been cloned,
and all four of these genes are essential for proper
tetrapyrrole biosynthesis in the plastid (Mochizuki
et al., 2001; Larkin et al., 2003). The identity of the
GUN1 gene is not known. Besides the intracellular sig-
naling defect, the only phenotype reported for gun1
mutants is enhanced light sensitivity during deetiola-
tion (Mochizuki et al., 1996). gun1 mutants do not ex-
hibit defects in tetrapyrrole metabolism (Vinti et al.,
2000; Mochizuki et al., 2001), which is consistent with
GUN1 and GUN2-GUN5 encoding components of two
distinct signaling pathways. Microarray studies and ex-
periments utilizing plastid translation inhibitors pro-
vide additional support for the conclusion that these
five gun mutants define two different pathways (Gray
et al., 2003; Strand et al., 2003).

gun2 and gun3 are alleles of previously described
genes, HY1 and HY2 (Mochizuki et al., 2001).
HY1/GUN2 encodes heme oxygenase (Davis et al.,
1999; Muramoto et al., 1999), and HY2/GUN3 en-
codes phytochromobilin synthase (Kohchi et al., 2001),
both of which participate in phytochromobilin syn-
thesis. Heme oxygenase and phytochromobilin syn-
thase gene mutants in Arabidopsis, tomato, and pea
produce lower levels of chlorophyll and chlorophyll
precursors than do wild type. The reduced chloro-
phyll accumulation in these mutants is currently be-
lieved to result largely from feedback inhibition aimed
at glutamyl-tRNA reductase, the second enzyme in
the plastid tetrapyrrole biosynthetic pathway. Heme
inhibits glutamyl-tRNA reductase in vitro, and heme
appears to accumulate in heme oxygenase and phy-
tochromobilin synthase gene mutants (Cornah et al.,
2003; Franklin et al., 2003; Reinbothe and Reinbothe,
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this volume). Because of feedback inhibition from the
heme/phytochromobilin branch of the plastid tetrapyr-
role pathway, gun2 and gun3 were predicted to con-
tain lower levels of Mg-Proto and Mg-ProtoMe com-
pared to wild type (Mochizuki et al., 2001), and these
predictions have been confirmed for gun2. gun2 mu-
tants accumulate lower levels of Mg-Proto than wild
type when grown in standard conditions or after a
Mg-Proto-inducing norflurazon treatment (Mochizuki
et al., 2001; Strand et al., 2003). GUN5 encodes
the Proto/Mg-Proto-binding subunit of Mg-chelatase
(Mochizuki et al., 2001), and GUN4 is a previously
uncharacterized gene that encodes a Proto/Mg-Proto-
binding protein that stimulates Mg-chelatase (Larkin
et al., 2003). Therefore, gun4 and gun5 mutants contain
lower levels of chlorophyll than wild type because of
reduced Mg-chelatase activity (Mochizuki et al., 2001;
Larkin et al., 2003). Like gun2 mutants, gun5 mutants
accumulate lower levels of Mg-Proto than do wild type
in the presence or absence of norflurazon (Strand et al.,
2003). gun4 alleles are pale green or do not accumu-
late chlorophyll (Vinti et al., 2000; Mochizuki et al.,
2001; Larkin et al., 2003). The paleness of these phe-
notypes is at least partially due to the substantial reduc-
tion or loss of the dramatic stimulatory effect of GUN4
on Mg-chelatase (Larkin et al., 2003). Therefore, it is
very likely that norflurazon-treated gun4 seedlings also
contain lower Mg-Proto and Mg-ProtoMe levels than
norflurazon-treated wild-type seedlings. Thus, gun2-
gun5 mutants appear to uncouple Lhcb expression from
chloroplast development in photobleached seedlings
by partially inhibiting the accumulation of Mg-Proto.
Mutations affecting four additional genes that encode
plastid tetrapyrrole biosynthetic enzymes or enzyme
subunits were recently reported to cause gun pheno-
types (Strand et al., 2003). However, not all chloro-
phyll deficient mutants are gun mutants and among
chlorophyll deficient gun mutants there is no corre-
lation between the severity of chlorophyll deficient
phenotypes and gun phenotypes (Vinti et al., 2000;
Mochizuki et al., 2001). In fact, Vinti et al. (2000) re-
ported that although hy1 and gun5 mutants have strik-
ingly different pale phenotypes and similar gun phe-
notypes, the hy1gun5 double mutant has a severe pale
phenotype but no gun phenotype. Also, McCormac and
Terry (2002) showed that plants overexpressing proto-
chorophyllide oxidoreductase (POR), the penultimate
enzyme in chlorophyll biosynthesis, have gun phe-
notypes. Mg-Proto/Mg-ProtoMe levels have not been
determined in POR overexpressing plants, but POR
overexpression is expected to reduce Mg-Proto/Mg-
ProtoMe levels. It is likely that only a particular class
of chlorophyll deficient mutants that prevent Mg-Proto

from accumulating to a critical threshold can affect
the plastid-to-nucleus signaling pathway defined by the
gun2-gun5 mutants.

The GUN2-GUN5 pathway probably influences
nuclear gene expression only during periods of Mg-
Proto and Mg-ProtoMe accumulation, and it might
be possible to block chloroplast development without
causing Mg-Proto/Mg-ProtoMe buildup. For example,
after blocking plastid development with a plastid
translation inhibitor, the gun phenotype was observed
in the gun1 but not in the gun2, gun4, or gun5 mutants
(Gray et al., 2003). This result may be explained
by the inability of plastid translation inhibitors to
induce Mg-Proto/Mg-ProtoMe accumulation. Thus,
this observation provides additional support for the
GUN1 gene participating in a signaling pathway
that does not monitor the accumulation of specific
Mg-porphyrins. Instead, the GUN1 pathway probably
senses some other molecular indicator of plastid
development that is triggered by both photobleaching
herbicides and plastid translation inhibitors. In fact,
gun1 mutants have previously been shown to uncouple
Lhcb transcription from chloroplast development
after chloroplast development was blocked with
three mechanistically distinct approaches, including
inhibition of plastid translation (Susek et al., 1993).

The long after far-red 6 (laf6) mutant was identified
because of defects in phytochrome A signal transduc-
tion, and laf6 also contains elevated levels of proto-
porphyrin IX (Proto). Interestingly, LAF6 encodes a
soluble ATP-binding cassette protein that localizes in
the chloroplast periphery. LAF6 was proposed to help
retain Proto within the chloroplast, and accumulation
of Proto in the cytoplasm was proposed to affect phy-
tochrome A signal transduction in laf6 mutants (Møller
et al., 2001). Although laf6 mutants exhibit defects in
plastid tetrapyrrole metabolism, laf6, gun1, and gun2-
gun5 have been reported to affect different signaling
pathways (Surpin et al., 2002).

IV. Mechanism of Mg-Proto/Mg-ProtoMe
Signaling

The mechanism by which Mg-Proto/Mg-ProtoMe reg-
ulates nuclear gene expression is not understood. A
popular model suggests that Mg-Proto and/or Mg-
ProtoMe are exported from the plastid where they par-
ticipate in a signaling pathway localized in the cy-
toplasm that affects gene expression in the nucleus
(Kropat et al., 1997, 2000; La Rocca et al., 2001;
Mochizuki et al., 2001; Møller et al., 2001; Larkin
et al., 2003; Strand et al., 2003; Fig. 2). This model is
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Fig. 2. Model for Mg-Proto/Mg-ProtoMe signaling. GUN5, which is also known as ChlH, and two other Mg-chelatase subunits
named ChlI and ChlD insert Mg2+ into the Proto ring with assistance from GUN4. GUN4 binds the substrate and the product of
the Mg-chelatase reaction, Proto and Mg-Proto. Heme accumulates in gun2 and gun3 mutants. High levels of heme repress Mg-
Proto/Mg-ProtoMe synthesis by inhibiting glutamyl-tRNA reductase. Under conditions of Mg-Proto accumulation, Mg-Proto may be
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between these two pathways is shown in the plastid, but the interaction between these two pathways may occur in another cellular
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attractive because the plastid appears to be the ma-
jor site of cellular tetrapyrrole synthesis and other
tetrapyrroles are routinely exported from plastids. For
example, heme is exported from plastids (Thomas
and Weinstein, 1990), and plastids are thought to be
the major source of cellular heme synthesis (Cornah
et al., 2002). The limited heme biosynthesis in plant
mitochondria has been proposed to rely entirely on
plastid-derived protoporphyrinogen IX (Beale, 1999;
Brusslan and Peterson, 2002). Phytochromobilin and
chlorophyll degradation products are also exported
from plastids (Terry et al., 1993; Takamiya et al.,
2000). This model is also attractive because, as men-
tioned above, there is precedence for heme function-
ing as a ligand for regulators of gene expression.
An alternative model suggests that the cell monitors
flux through the chlorophyll biosynthetic pathway and
somehow, possibly via a signaling function of GUN5,
uses this information to regulate nuclear gene expres-
sion (Mochizuki et al., 2001; Brusslan and Peterson,
2002). This sort of scenario might resemble the situ-
ation in Bradyrhizobium japonicum in which the iron
response regulator Irr represses heme biosynthesis in
response to catalytic activity of ferrochelatase (Qi and
O’Brian, 2002). However, results from several exper-
iments suggest the first model is more likely. For ex-
ample, Kropat et al. (1997, 2000) reported that feed-
ing Proto to Chlamydomonas cells in the dark causes
Mg-Proto/Mg-ProtoMe buildup, presumably in chloro-
plasts, but feeding Proto to Chlamydomonas cells in the
dark does not affect nuclear gene expression. Addition-
ally, Kropat et al. (1997, 2000) reported that feeding
Mg-Proto to Chlamydomonas cells in the dark has a
dramatic affect on nuclear transcription. These results
suggest that Mg-Proto must get out of the plastid to reg-
ulate gene expression in Chlamydomonas. Moreover,
Strand et al. (2003) reported that feeding Mg-Proto
to Arabidopsis protoplasts represses Lhcb expression,
which indicates that Mg-Proto buildup does not nec-
essarily have to occur within a plastid to affect gene
expression in the nucleus.

The only proteins known to bind Mg-Proto in vivo
are GUN4 and GUN5. Dissociation constants (Kd) for
binding to Mg-deuteroporphyrin IX, a more water-
soluble derivative of Mg-Proto, have been determined
for Synechocystis relatives of GUN4 and GUN5. A Kd

value of 0.26 ± 0.029 μM was estimated for a Syne-
chocystis GUN4 relative (Larkin et al., 2003), and a Kd

value of 2.43 ± 0.46 μM was estimated for Synechocys-
tis GUN5 (Karger et al., 2001). Thus, GUN4 binds
Mg-deuteroporphyrin IX and probably Mg-Proto with
a higher affinity than GUN5 in Synechocystis. These

two components of the chlorophyll biosynthetic path-
way have been localized to each part of the chloroplast:
stroma, thylakoids, and envelope (Gibson, et al., 1996;
Nakayama et al., 1998; Larkin et al., 2003). GUN4
is monomeric in the stroma but associated with large
complexes in thylakoid and envelope membranes. The
level of GUN4 is extremely low in the thylakoids com-
pared to the levels in the stroma and envelope (Larkin
et al., 2003), but there is precedence for localization
of chlorophyll biosynthetic enzymes in both thylakoid
and envelope membranes (Block et al., 2002; Tottey
et al., 2003). A small GUN4 complex was purified
from Arabidopsis thylakoids using ion exchange and
immunoaffinity chromatography; the thylakoid com-
plex was found to contain GUN4 and GUN5 (Larkin,
et al., 2003). The envelope GUN4 complex may also
contain GUN5, but this has not been demonstrated. The
chloroplast envelope is the expected location for pro-
teins that participate in Mg-Proto/Mg-ProtoMe export;
however, a role for GUN4 and GUN5 in Mg-Proto/Mg-
ProtoMe trafficking remains to be established even
though it is difficult to imagine that extremely lipophilic
and photosensitizing molecules like Mg-Proto/Mg-
ProtoMe diffuse freely within the cell. Because of
the potentially toxic nature of these chlorophyll pre-
cursors, particular proteins should be required to tar-
get Mg-Proto and Mg-ProtoMe to particular enzymes
in the chlorophyll biosynthetic pathway and prevent
collisions between these Mg-porphyrins and molec-
ular oxygen. Mg-Proto/Mg-ProtoMe binding proteins
might also be very important for inhibiting unproduc-
tive degradation of these intermediates by catabolic en-
zymes in the plastid (Whyte and Castelfranco, 1993).
Therefore, it is possible that, in addition to cat-
alytic functions, GUN5 and/or GUN4 perform Mg-
Proto/Mg-ProtoMe scavenging/photoprotective func-
tions during Mg-Proto/Mg-ProtoMe buildup that are
somewhat analogous to the scavenging/photoprotective
functions performed by protochlorophyllide oxidore-
ductase during Pchlide accumulation (Reinbothe et al.,
1996; Reinbothe and Reinbothe, this volume). In fact,
a few observations indicate that GUN4 and GUN5
perform protective functions. For example, Willows
et al. (2003) reported that in Rhodobacter capsulatus,
which carries out anoxygenic photosynthesis, GUN5
forms covalent adducts with bound Proto in the pres-
ence of bright light and oxygen. This reaction inacti-
vates Mg-chelatase and appears to play a significant
role in rapidly shutting down bacteriochlorophyll syn-
thesis in Rhodobacter capsulatus when oxygen and
bright light are present (Willows et al., 2003). Interest-
ingly, Rhodobacter sphaeroides, another species that
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performs anoxygenic photosynthesis, does not appear
to contain relatives of GUN4 (Larkin et al., 2003).
Whether Rhodobacter capsulatus and other species
that perform anoxygenic photosynthesis contain rel-
atives of GUN4 remains to be determined, but all
species that carry out oxygenic photosynthesis appear
to contain at least one GUN4 relative (Larkin et al.,
2003). These observations along with the observation
that gun4-2, a null mutant, does not accumulate chloro-
phyll under normal light conditions (e.g., 75 μmol m−2

s−1) but does accumulate chlorophyll under dim light
conditions (e.g., 16 μmol m−2 s−1) are consistent with
a model in which GUN4 by itself or in conjunction with
other proteins (e.g., GUN5) shield Mg-Proto and pos-
sibly other porphyrins from collisions with molecular
oxygen in species that carry out oxygenic photosynthe-
sis (Larkin et al., 2003). If GUN5 and/or GUN4 turn out
to participate in Mg-Proto/Mg-ProtoMe trafficking for
the chlorophyll biosynthetic pathway, it seems reason-
able to hypothesize that GUN5 and/or GUN4 might
also participate in Mg-Proto/Mg-ProtoMe trafficking
for a plastid-to-nucleus signaling pathway.

V. Plastid and Light Signaling Pathways
Appear to Interact

As mentioned earlier, plastid-to-nucleus signaling
pathways that couple nuclear gene expression to
chloroplast development severely inhibit the expres-
sion of nuclear genes that encode proteins with
functions related to photosynthesis when chloroplast
development is blocked. These repressive signaling
pathways mediate their effects at the transcriptional
level (Oelmüller, 1989; Gray et al., 2003). Several lab-
oratories have identified plastid-responsive promoter
elements by carrying out promoter deletion studies in
transgenic plants that were treated with an herbicide
that blocks chloroplast development at an early devel-
opmental stage. All plastid-responsive promoters an-
alyzed to date are also induced by light, and in many
plastid-responsive promoters, plastid and light signal-
ing pathways utilize common promoter elements (Bolle
et al., 1994, 1996; Lübberstedt et al., 1994; Kusnetsov
et al., 1996; Puente et al., 1996; McCormac et al., 2001;
Martinez-Hernandez et al., 2002). Light and plastid
signals also appear to utilize common promoter ele-
ments in Chlamydomonas (Kropat et al., 1997; Hahn
and Kück, 1999). However, Strand et al. (2003) re-
ported that the mutations in the CUF-1 element from
the plastid-responsive Lhcb1*1 promoter cause a gun
phenotype strikingly similar to gun5 (e.g., 2–4% of the

promoter activity observed in green tissue; Mochizuki
et al., 2002; Strand et al., 2003) in wild type seedlings
treated with an herbicide that blocks chloroplast devel-
opment. Moreover, CUF-1 element mutations affected
Lhcb1*1 expression similarly in wild type and gun5
backgrounds Therefore, Strand et al. (2003) concluded
that the CUF-1 element in the Lhcb1*1 promoter re-
sponds to the Mg-Proto signal. CUF-1 (CACGTA) is
a binding site for the CAB upstream factor-1 (Ander-
son et al., 1994) and is related to the G-box element
(CACGTG), which is a binding site for bZIP transcrip-
tion factors (Foster et al., 1994). CUF-1 is not essen-
tial for light regulation of Lhcb1*1 transcription, and
CUF-1 appears to only contribute to the Lhcb1*1 pro-
moter strength (Anderson et al., 1994; Anderson and
Kay, 1995). However, G-box elements are components
of promoter elements that are both light- and plastid-
responsive (Martinez-Hernandez et al., 2002), and the
expression of a basal promoter fragment from the nopa-
line synthase gene becomes dependent on chloroplast
development when fused to a G-box tetramer (Puente
et al., 1996). Thus, G-box elements likely contribute to
the plastid-responsiveness of other promoters. On the
other hand, G-box elements do not appear to perceive
plastid signals for the spinach AtpC gene, which en-
codes a chloroplast ATP synthase subunit. Bolle et al.
(1996) reported that site-directed mutagenesis of five
nucleotides (AAAAT) near the transcription start site
(-59/-55) of the AtpC promoter completely inhibits the
transcriptional repression of the spinach AtpC gene that
occurs when chloroplast development is blocked with
a photobleaching herbicide treatment. Changing these
five bases also causes the spinach AtpC promoter to
become fully induced and unresponsive to light and
tissue-specific signals. Thus, plastid-response elements
may vary among plastid-responsive nuclear genes.

Although light and plastid signals utilize common
promoter elements in many genes, two groups have
reported that plastid signaling pathways are active in
darkness, which indicates that plastid and light sig-
nals are clearly distinct. La Rocca et al. (2001) showed
that plastid-derived Mg-Proto can reduce the low lev-
els of the light-inducible RBCS mRNA that remains
in darkness. Also, Sullivan and Gray (1999) showed
that inhibitors of plastid development block the over-
expression of light-inducible genes in the dark-grown
photomorphogenic mutants cop1 and lip1. Together,
these data and results from plastid-responsive promoter
element studies suggest that plastid signaling path-
ways regulate light-inducible nuclear genes that en-
code chloroplast proteins active in photosynthesis by
interacting with light signaling pathways upstream of
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transcription. Plastid-derived signals have been sug-
gested to gate the light signaling pathway (McCormack
and Terry, 2001). Because the plastid signal is re-
quired for the overexpression of nuclear genes in dark-
grown cop1 and lip1 mutants, it was suggested that
the light and plastid signaling pathways might in-
teract downstream of the COP1 and LIP1 proteins
(Sullivan and Gray, 1999), which are related proteins
from Arabidopsis and pea (Sullivan and Gray, 2000).
COP1 is an ubiquitin-protein ligase that targets compo-
nents of light signal transduction pathways for degra-
dation via the ubiquitin-proteasome pathway within the
nucleus (Osterlund et al., 2000; Seo et al., 2003, 2004).

VI. Conclusions and Perspectives

A number of ALA feeding, inhibitor, and genetic
studies suggest that Mg-Proto and Mg-ProtoMe ac-
cumulation within the plastid represses a number of
nuclear genes with functions related to photosynthe-
sis. How Mg-Proto/Mg-ProtoMe accumulation regu-
lates nuclear gene expression is an open question. The
simplest and most attractive model is that Mg-Proto/
Mg-ProtoMe exits the plastid and interacts with cy-
tosolic signaling pathways. Whether Mg-porphyrins
exit the plastid using a plastid envelope ABC trans-
porter, which would be similar to the heme transporters
in bacteria (Köster, 2001) and animal mitochondria
(Shirihai et al., 2000), or some other export mechanism
remains to be established. Because of the lipophilic and
photosensitizing nature of Mg-Proto and Mg-ProtoMe,
these molecules probably move within the plastid via
carrier proteins (e.g., GUN4 and GUN5). Additional
porphyrin-binding proteins are likely involved if ex-
traplastidic transport occurs. The nature of interactions
between these Mg-porphyrins and cytosolic signaling
pathways is also an open question. Whether factors sim-
ilar to the heme-binding transcription described in bac-
teria and yeast (Zhang and Hach, 1999; Qi and O’Brian,
2002) participate in the GUN2-GUN5 plastid-to-
nucleus signaling pathway remains to be determined.
Proto appears to influence phytochrome A signaling,
but the interaction between Proto and the phytochrome
A signaling pathway does not appear to involve the
GUN pathways. Thus, plastid tetrapyrroles may affect
multiple signaling pathways. Additional plastid sig-
naling pathways that may be important during photo-
morphogenesis include the pathway defined by GUN1
and the pathway(s) that link chloroplast development
to leaf morphogenesis. The molecular nature of these

pathways is not clear, although the leaf morphogenesis
pathways and the GUN pathways appear to be dis-
tinct (Rodermel, 2001). In contrast, the GUN1 and
the GUN2-GUN5 pathways are partially redundant
(Mochizuki et al., 2001), although this redundancy is
not understood in molecular terms. Identification of ad-
ditional genes that participate in GUN pathways will be
critical for understanding both the molecular nature of
these pathways and the interactions between them.

Probably the most important issue to resolve is
whether plastid-to-nucleus signaling pathways partic-
ipate in photomorphogenesis. Furthermore, do these
signaling pathways influence gene expression and de-
velopment at other stages of the plant life cycle and dur-
ing environmental stress? Recently, Richly et al. (2003)
reported that the GUN1 and GUN5 pathways appear to
be embedded in a larger network that regulates the nu-
clear chloroplast transcriptome under a large number
of different conditions. Thus, the GUN pathways may
make important contributions to transcription regula-
tion decisions throughout the plant life cycle.
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Summary

Peroxiredoxins (Prx) constitute a group of recently identified peroxidases that detoxify a broad range of peroxides
in distinct subcellular compartments, including chloroplasts. They are ubiquitously expressed in all organisms,
i.e. bacteria, fungi, and animals, as well as in cyanobacteria and plants, in which they frequently represent a
considerable fraction of total cellular and organellar protein. At least seven prx genes are expressed in leaves of
Arabidopsis. The gene products of four of them are targeted to chloroplasts. Five genes encoding (putative) Prx
are found in Synechocystis sp. PCC 6803. Based on such circumstantial evidence, as well as biochemical analysis
and observations on photosynthetic organisms with modified levels of Prx, it has been established that a subset of
Prx plays a role in the context of photosynthesis. The conclusion is further strengthened by studies that showed a
modulation of prx gene expression in response to photosynthetic activity. This chapter describes the properties of
peroxiredoxins in general and focuses on the role of Prx in protecting the photosynthetic apparatus from oxidative
damage and, possibly, in redox signaling in photooxygenic cells.
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I. Oxidative Stress

Many non-enzymatic as well as enzymatic reactions
in cell metabolism involve the formation of radicals,
reactive oxygen species (ROS), and reactive nitrogen
species (RNS) (Patel et al., 1999; Foyer and Noctor,
2000; Janssen-Heininger et al., 2002). These highly
reactive compounds are also implicated in signaling
(Van Breusegem et al., 2001; Vranova et al., 2002; Neill
et al., 2003). To prevent damage to cell structures, ROS
and RNS levels need to be tightly regulated. A delicate
antioxidant network, consisting of low molecular mass
antioxidants and enzymes, suppresses the accumula-
tion of these reactive and harmful intermediates under
normal growth conditions. Defense against oxidative
and radical damage is particularly crucial for photo-
synthetic organisms. Generation of singlet oxygen and
H2O2 in PS II (Melis, 1999), of superoxide anion rad-
icals by PS I, and of hydrogen peroxide during pho-
torespiration (Foyer and Noctor, 2000) are examples for
ROS production associated with photosynthesis. ROS
production may proceed at high rates under certain
unfavorable environmental conditions, such as excess
light, low temperature, drought, and limited electron
acceptor availability. High levels of ROS production
are frequently associated with lipid peroxidation and
initiation of radical chain reactions that may lead to
membrane damage and destruction (Smirnoff, 1993;
Rawyler et al., 2002).

A set of antioxidant metabolites and enzymes detox-
ify ROS, RNS, and lipid peroxides in the various cell
compartments such as chloroplasts, cytosol, mitochon-
dria, and peroxisomes (Noctor and Foyer, 1998). Promi-
nent antioxidant enzymes are superoxide dismutases,
ascorbate peroxidases, glutathione peroxidases, and
catalases (Foyer et al., 1994; Baier and Dietz, 1998).
In 1996, 1-Cys and 2-Cys peroxiredoxins were iden-
tified as new players within the antioxidant network
of barley (Baier and Dietz, 1996; Stacy et al., 1996).
Since then, peroxiredoxins have been cloned from vari-
ous photosynthetic organisms, identified in proteomes,
and characterized in vitro and in vivo. Many of these
findings have been summarized in recent reviews (Dietz
et al., 2002; Rouhier et al., 2002; Dietz, 2003a). Recent

Abbreviations: aa – amino acid; ABA – abscisic acid; Apx2 –
cytosolic ascorbate peroxidase gene; Cys – cysteine; Fd – ferre-
doxin katG – catalase-peroxidase; ORF – open reading frame;
PetE – plastocyanin gene; Prx – peroxiredoxin (protein); prx –
peroxiredoxin (gene or transcript); PS – photosystem; RNS – re-
active nitrogen species; ROS – reactive oxygen species; SOD –
superoxide dismutase; Trx – thioredoxin

advancements concerning function, regeneration, and
regulation of peroxiredoxins and their role in photo-
synthetic cells, including cyanobacteria, are the focus
of this review.

II. Cyanobacteria as Model Organisms to
Study Oxygenic Photosynthesis

Cyanobacteria are a remarkable group of phylogeneti-
cally old prokaryotic organisms that probably evolved
up to 3.5 billions years ago (Schopf, 2000) and con-
tribute about 40 % of the present-day global photo-
synthetic primary biomass production (Paerl, 2000).
In evolutionary terms, cyanobacteria represent the link
between heterotrophic bacteria and algae or higher
plants (Fay, 1983). Cyanobacteria are characterized
by their ability to synthesize chlorophyll a (Whitton
and Potts, 2000) and perform oxygenic photosynthe-
sis (Carr and Whitton, 1982), thus driving the switch
from an anoxygenic to an oxygenic atmosphere and
the development of complex eukaryotic life forms. Due
to their considerable morphological diversity (Whitton
and Potts, 2000) and metabolic flexibility (Vermaas,
2001), cyanobacteria are able to colonize virtually all
terrestrial and aquatic habitats. Cyanobacteria lack the
eukaryotic type of compartmentation. Thus, oxygenic
photosynthesis, respiration, and nitrogen assimilation
take place in the same compartment (Schmetterer,
1994; Vermaas, 2001). Moreover, most cyanobacte-
ria contain two distinct and fully functional respiratory
chains, one located in the cytoplasmic membrane and
the other in the thylakoid membrane. The latter uses, in
part, the same components as the photosynthetic elec-
tron transport chain implying a complex interrelation-
ship between respiratory and photosynthetic electron
transport.

Cyanobacteria were the first photosynthetic organ-
isms with an oxygenic type of photosynthesis, utilizing
water as electron donor and producing dioxygen as a
by-product. Therefore, they are the most ancient organ-
isms to have coped with the production of reactive oxy-
gen species (ROS) as a result of incomplete reduction
of molecular oxygen via electron transport processes.
Cyanobacteria have evolved effective mechanisms to
prevent large-scale ROS production, such as modifica-
tion of their light harvesting antenna, evolution of state
transitions, changes in the stoichiometry of PS II to
PS I, excitation energy dissipation by carotenoids, and,
of course, enzymes for the detoxification of inevitably
formed ROS (Nishiyama et al., this volume). Since
the redox state of the cell and the electron transport
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chain modulates many essential cellular processes, and
ROS are an integral part of some signaling networks,
the cellular level of the various ROS species has to
be tightly controlled. This metabolic control is espe-
cially complex in an oxygenic photosynthetic prokary-
ote lacking the eukaryotic type of compartmentation.
Moreover, it has recently been shown that the acclima-
tory response to oxidative stress is closely intertwined
with iron homeostasis in cyanobacteria (Michel and
Pistorius, 2004). It was suggested that H2O2 may be a
master trigger that coordinates the adaptive response to
oxidative stress as well as to iron starvation (Li et al.,
2003; Yousef et al., 2003; Singh et al., 2004) causing a
modification of PS II by the IdiA protein that leads to
protection of the acceptor side of PS II in a yet unknown
way, and causing a modification of PS I by IsiA pro-
tein that results in a new chlorophyll a-containing an-
tenna around PS I trimers (see e.g. Michel and Pistorius,
2004).

Cyanobacteria may represent an ideal system to
study the function of peroxiredoxins in the context of
photosynthesis. In order to detoxify potentially lethal
ROS originating from various sources of metabolism,
cyanobacteria have evolved several enzymatic mecha-
nisms, which in part are identical to plant enzymes, but
also show some significant differences. The specific
detoxification reactions and detoxifying enzyme sys-
tems in Synechocystis sp. PCC 6803, Synechococcus
elongatus PCC 7942, and the closely related species
Synechococcus elongatus PCC 6301 will be discussed.

A. Detoxification of Superoxide Anion (O2
−)

in Cyanobacteria

Superoxide anions can be generated at the acceptor
side of PS I and, to a minor extent, at the acceptor
side of PS II. This reactive oxygen species is efficiently
scavenged by a family of enzymes, the superoxide dis-
mutases (SOD). Superoxide dismutases are metalloen-
zymes catalyzing the dismutation of O2

− to H2O2 and
O2 (Frausto da Silva and Williams, 1993; Kaim and
Schwederski, 1995). There are three types of SODs
that are distinguished by the metal iron cofactor present
at the active site of the enzyme, iron (FeSOD), man-
ganese (MnSOD), and copper/zinc (Cu/ZnSOD). All
cyanobacteria so far investigated contain an FeSOD
(Herbert et al., 1992; Campbell and Laudenbach, 1995)
in the cytosol and some also contain a MnSOD that is
associated with the thylakoid membranes (Campbell
and Laudenbach, 1995; Thomas et al., 1998). In ad-
dition, Cu/ZnSOD activity has also been reported in
a cyanobacterium (Chadd et al., 1996), even though

Cu/ZnSOD was initially thought to be specific for eu-
karyotes.

The variability of SOD expression in cyanobacte-
ria is high, indicating evolution of specific superox-
ide scavanging or avoiding systems. In Synechocystis
sp. PCC 6803, few superoxide anions are generated at
photosystem I (Helmann et al., 2003). In the Mehler
reaction, two flavoproteins, Flv1 and Flv3, directly re-
duce oxygen to water (Helmann et al., 2003). There-
fore, it is not surprising that bioinformatic evalua-
tion of the genomic sequence of Synechocystis sp.
PCC 6803 (Kashino et al., 2002) reveals the pres-
ence of a single gene encoding an SOD, sodB (slr1516
(http://www.kazusa.or.jp/cyano/cyano.html). SodB en-
codes an FeSOD, suggesting that this FeSOD is likely
the sole superoxide anion-scavenging enzyme in Syne-
chocystis sp. PCC 6803 (Tichy and Vermaas, 1999;
Kaneko et al., 1996).

B. Detoxification of Hydrogen Peroxide
(H2O2) in Cyanobacteria

H2O2, that can be formed via the disproportionation of
O2

− catalyzed by SOD (Frausto da Silva and Williams,
1993; Kaim and Schwederski, 1995) or by incomplete
water oxidation in PS II (Wydrzynski et al., 1989;
Samuilov, 1997), is the most stable one among the dif-
ferent types of ROS. However, in combination with
metal ions, such as Fe2+, it catalyzes the formation
of highly reactive hydroxyl radicals (OH·) (Elstner,
1990; Guerinot and Yi, 1994). Early reports indicated
the presence of several types of hydrogen peroxide-
degrading enzyme activities. The common classifica-
tion of hydrogen peroxidases distinguishes between
two groups: catalases and peroxidases. Enzymes be-
longing to the former group catalyze the breakdown of
H2O2 to H2O and O2, while peroxidases reduce H2O2

to H2O with the use of a wide variety of substances as
electron donors (Frausto da Silva and Williams, 1993;
Kaim and Schwederski, 1995). In general, specific per-
oxidases are named after their reducing compound.
Prokaryotes have been shown to possess a unique
type of H2O2-detoxifying enzyme, termed catalase-
peroxidase. This enzyme that has both catalase and
peroxidase activity, oxidizes a broad range of elec-
tron donors, such as o-dianisidine (Regelsberger et al.,
2002). Moreover, dehydroascorbate peroxidase and
monodehydroascorbate peroxidase have been reported
to be major H2O2 scavengers in chloroplasts. How-
ever, cyanobacteria contain a 250-fold lower concen-
tration of ascorbate compared to higher plant chloro-
plasts (Tel-Or et al., 1985, 1986), and evaluation of
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the Synechocystis sp. PCC 6803 genome sequence did
not identify homologues to those genes encoding ascor-
bate peroxidases (Kaneko et al., 1996). Thus, ascorbate
peroxidase might not be a major player in the H2O2

detoxification of cyanobacteria. Nevertheless, ascor-
bate peroxidase activity has been reported for sev-
eral cyanobacteria, including Synechocystis sp. PCC
6803 (Tel-Or et al., 1985, 1986). It has been reported
that cyanobacteria contain millimolar concentrations
of glutathione, but no glutathione peroxidase activity
has been detected so far (Tel-Or et al., 1985), although
two ORFs (slr1171 and slr1992) with significant simi-
larity to glutathione peroxidase genes are present in the
genome of Synechocystis sp. PCC 6803 (Kaneko et al.,
1996).

In cyanobacteria, catalase-peroxidases, encoded by
the katG genes, were detected in Synechococcus elon-
gatus PCC 7942, Synechococcus elongatus PCC 6301,
and Synechocystis sp. PCC 6803, and identified as
cytosolic hydrogenperoxide-scavenging hemoproteins
(Mutsuda et al., 1996; Obinger et al., 1997; Jakopitsch
et al., 1999). These catalase-peroxidases have little se-
quence homology to typical heme-containing mono-
functional catalases, but exhibit similarity to yeast cy-
tochrome c peroxidase and plant ascorbate peroxidase,
and thus belong to the class I of the super family of
peroxidases (Welinder, 1992). Characterization of a
catalase-peroxidase-free Synechocystis sp. PCC 6803
mutant revealed a normal resistance of this mutant to
H2O2 and methyl viologen despite an H2O2 decompo-
sition rate that was 30 times lower in the mutant com-
pared to wild type (Tichy and Vermaas, 1999). It has
been suggested that the main function of the catalase-
peroxidase, with its low H2O2 affinity and high Vmax,
is to break down external H2O2 entering the cell, thus
providing a protective role against environmental H2O2

generated by algae or bacteria in the ecosystem (Tichy
and Vermaas, 1999). Furthermore, it was concluded by
this group that, at least under laboratory conditions,
there are only two enzymatic mechanisms for H2O2

decomposition present in Synechocystis sp. PCC 6803.
One is catalyzed by a catalase-peroxidase and the other
is by a thiol-specific peroxidase belonging to the family
of peroxiredoxin proteins.

C. Peroxiredoxins in Cyanobacteria

The involvement of peroxiredoxins in antioxidant de-
fense in cyanobacteria has recently been verified us-
ing a Synechocystis sp. PCC 6803 double mutant
(Nishiyama et al., 2001) lacking catalase-peroxidase
and 2-Cys peroxiredoxin. This is consistent with
previous suggestions by Klughammer et al. (1998)

and Yamamoto et al. (1999) who analyzed 2-Cys
peroxiredoxin loss-of-function mutants. When treated
with H2O2, this double mutant showed accelerated pho-
todamage and inhibition of photorepair, as is typi-
cal when H2O2-scavenging enzyme activity is absent
(Nishiyama et al., 2001).

Peroxiredoxins are ubiquitously found among
prokaryotes and eukaryotes (Chae et al., 1994; Baier
and Dietz, 1997). They were initially termed thiol-
specific antioxidant proteins (Chae et al., 1993) and
later shown to be peroxidases reducing H2O2, alkyl hy-
droperoxides, and peroxinitrite (Chae et al., 1994; Bryk
et al., 2000). These enzymes, which use sulfhydryl
compounds for regeneration of the active site (Chae
et al., 1994), are now termed peroxiredoxins. Perox-
iredoxins are members of the thioredoxin-fold super
family (Schröder and Ponting, 1998).

Peroxiredoxins can be divided into four different
subgroups: 1-Cys Prx, 2-Cys Prx, PrxQ, and Type II Prx
(Horling et al., 2002) (see below). The bioinformatic
evaluation of the genome sequence of Synechocystis sp.
PCC 6803 revealed that at least five genes encoding pu-
tative Prx are present in this cyanobacterium. Table 1
summarizes the different subgroups, molecular masses,
values for the isoelectric point, and identity/similarity
values for peroxiredoxins.

Only one of these five Prx has been investigated
in greater detail, Slr0755 (Klughammer et al., 1998;
Yamamoto et al., 1999; Nishiyama et al., 2001). This
protein represents a Prx of the 2-Cys Prx type, hav-
ing the two cysteine residues in highly conversed mo-
tifs (FTFVCPTEI and EVCP). Characterization of a
Synechocystis sp. PCC 6803 mutant lacking Slr0755
revealed that growth was not perturbed under low light
intensity, but was much reduced under high light con-
ditions in comparison to the wild type (Klughammer
et al., 1998). Results with a KatG-Sll0755 double mu-
tant support these findings (Nishiyama et al., 2001).
Moreover, addition of peroxides to the wild type re-
sulted in a peroxide-dependent oxygen evolution in
the light, indicating the coupling of the thioredoxin-
dependent Prx activity to the photosynthetic electron
transport chain (Yamamoto et al., 1999). This peroxide-
dependent O2 evolution was not observed in the mu-
tant. This result is consistent with the function of PS I
in supplying electrons to the 2-Cys Prx via ferredoxin
and thioredoxin (Yamamoto et al., 1999).

A phylogenetic tree of the gene sequences of a num-
ber of cyanobacterial Prx has been published (Jin and
Jeang, 2000; Regelsberger et al., 2002). Studies with a
Synechocystis sp. PCC 6803 mutant lacking catalase-
peroxidase indicate that under low H2O2 levels the per-
oxide is mainly detoxified by one or several of the five
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Table 1. Genes encoding peroxiredoxins identified in the genomes of Arabidopsis thaliana and Synechocystis sp. PCC 6803. The
table gives the MIPS accession numbers and the gene numbers from Cyanobase, the lengths of the deduced gene products in number
of aa residues, their molecular masses, and isoelectric points, respectively. The characteristics of gene products predicted to be
targeted to organelles following processing at the predicted cleavage site are given in brackets. Identity and similarity between amino
acid sequences of homologous peroxiredoxins of Arabidopsis thaliana and Synechocystis were calculated for sequence stretches of
core proteins. *expression of PrxIIA has not yet been shown.

Arabidopsis thaliana Synechocystis sp. PCC 6803

Molecular Number of

Length mass Identity/ compared Length

[aa- MM Similarity aa- [aa- MM

MIPS# residues] [kDa] pI Homologue [%] residues Protein residues] [kDa] pI

At1g48130 216 24.1 6.13 1-Cys Prx 45/64 212 Slr1198 211 23.6 5.08

A3tg11630 266 (183) 29.1 (20.5) 6.91 (5.22) 2-Cys Prx A 63/82 192 Sll0755 200 22.5 4.83
At5g06290 271 (183) 29.6 (20.5) 5.55 (4.90) 2-Cys Prx B 64/82 192

At1g65990* 553 62.7 6.06 Type II Prx A 34/61 124
At1g65980 162 17.4 5.17 Type II Prx B 44/66 118
At1g65970 162 17.4 5.33 Type II Prx C 43/66 118 Sll1621 189 21.2 4.94
At1g60740 162 17.4 5.33 Type II Prx D 43/66 118
At3g52960 234 (164) 24.7 (17.3) 9.12 (5.02) Type II Prx E 45/67 120
At3g06050 199 (171) 21.2 (18.3) 8.98 (6.29) Type II Prx F 35/57 162

At3g26060 215 (159) 23.6 (17.5) 9.53 (9.36) PrxQ 39/55 139 Sll0221 184 23.3 4.76
33/52 147 Slr0242 160 17.6 5.18

Prx present in PCC 6803 (Tichy and Vermaas, 1999).
At high H2O2 concentrations, the catalase-peroxidase
plays a major role. This suggests that Prx have a very
important function in hydrogen peroxide scavenging
in Synechocystis sp. PCC 6803 under oxidative stress
conditions involving an imbalance in the excitation of
the photosynthetic electron transport chain versus en-
ergy dissipation. This also implies that cyanobacteria,
at least those so far investigated in greater detail, em-
ploy a strategy for scavenging H2O2 generated by pho-
tosynthesis that is different from the ascorbate perox-
idase pathway mainly utilized in plant chloroplasts. It
should also be pointed out that cyanobacteria are a very
diverse group of oxygenic photosynthetic organisms
and, therefore, this might not be the case for all of them.

III. Peroxiredoxins in Eukaryotes and
Their Subcellular Compartmentation

As has been well characterized in humans and yeast,
peroxiredoxins are found in the cytosol, nucleus, per-
oxisome, and mitochondrion of animals and fungi
(Table 2). The yeast genome encodes five prx genes
(Rhee et al., 2001; Nguyen-Nhu 2003), and 6 prx
genes have been identified in mammals (Wood et al.,
2003; Table 2). These figures compare to 10 prx genes
found in the Arabidopsis genome (Dietz, 2003a). Based
on structural and biochemical properties, Prx are as-
signed to four functional groups (Hofmann et al., 2002,
Horling et al., 2002), i.e. the groups of 2-Cys Prx,
1-Cys Prx, PrxQ, and type II Prx (Dietz et al., 2002).

Table 2. Compilation of peroxiredoxins found in humans, yeast, and Arabidopsis. The data were taken from Wood et al. (2003),
Nguyên-Nhu (2003), Rhee et al. (2001), Dietz et al. (2002), and Dietz (2003a). Expression of PrxIIA gene has not been established.

Yeast Humans Arabidopsis

Cytosol cTPxI 2-Cys Prx PRDX1 2-Cys Prx PrxIIA (?) type II Prx
cTPxII 2-Cys Prx PRDX2 2-Cys Prx PrxIIB type II Prx
cTPxIII 2-Cys Prx PRDX4 2-Cys Prx PrxIIC type II Prx

PRDX5 type II Prx PrxIID type II Prx
PRDX6 1-Cys Prx 1-Cys Prx 1-Cys Prx

Mitochondrion mTPx 1-Cys Prx PRDX3 2-Cys Prx PrxIIF type II Prx
PRDX5 type II Prx

Nucleus nTPx PrxQ PRDX1 2-Cys Prx 1-Cys Prx 1-Cys Prx
PRDX5 type II Prx

Peroxisome cTPxIII (?) type II Prx PRDX5 type II Prx − (?) −
Chloroplast − − − − PrxIIE type II Prx

2-Cys PrxA 2-Cys Prx
2-Cys PrxB 2-Cys Prx

PrxQ PrxQ
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Through comparison of their subcellular distribution,
the assignment to the different subgroups and the dif-
ferences between the organisms revealed: (1) In all
species, the highest number of different Prx is present
in the cytosol. (2) 2-Cys Prx constitute the predomi-
nant type of Prx in animals and yeast, whereas type II
Prx represent the largest and most diverse group of Prx
in Arabidopsis. (3) Various Prx are targeted to several
subcellular compartments. For example, 1-Cys Prx of
plants (Stacy et al., 1999) and the human PRDX1 (Neu-
mann et al., 2003) have been detected in both cytosol
and nucleus, respectively, and the yeast cTPxIII is sug-
gested to be located in the cytosol as well as in peroxi-
somes (Lee et al., 1999). The most peculiar distribution
is described for the type II Prx PRDX5 of humans that
has been detected in the cytosol, mitochondria, perox-
isomes, and the nucleus (Nguyên-Nhu, 2003). (4) Lo-
calization of Prx to the peroxisomes has been proven in
humans. However, no unequivocal evidence for perox-
isomal compartmentation exists in yeast and plants. (5)
Diverse Prx are targeted to mitochondria and the nu-
cleus. (6) The most striking feature of plant Prx is that
four are targeted to chloroplasts, while the homologous
proteins are cytosolic in yeast (Chae et al., 1994) and
humans (Cha and Kim, 1996; Chae et al., 1999). This
implies specific functions of the plant Prx in the context
of photosynthesis. In fact, the increased Prx-number in
Arabidopsis as compared to yeast and humans is fully
accounted for by the four extra genes encoding chloro-
plast Prx.

A. Chloroplast Peroxiredoxins

All plant 2-Cys Prx analyzed so far are nuclear-
encoded chloroplast proteins, as shown by immuno-
cytochemistry, post-translational import into isolated
chloroplasts, life imaging of cells expressing chimeric
in-frame fusions of 2-Cys Prx with green fluores-
cence protein (GFP), and chloroplast proteome anal-
ysis (Dietz and Baier, 1997; Peltier et al., 2000; Genot
et al., 2001; König et al., 2002). In barley chloro-
plasts, they have been estimated to account for 0.6%
of total protein (König et al., 2003). Genomic se-
quence analysis of Arabidopsis revealed two 2-Cys Prx
genes (2-Cys prx A and 2-Cys prx B). The two iso-
genes are considered to be functionally equivalent, but
differ slightly in transcript regulation (Horling et al.,
2003) and, as shown in preliminary in vitro experi-
ments, in regeneration efficiency seen with different
thioredoxins.

Type II Prx, with N-terminal extension typical for
plastid targeting, have been identified for Arabidopsis

and rice (Bréhelin et al., 2003; Horling et al., 2003).
The predicted chloroplast localization of Prx IIE was
confirmed by immunochemical analysis. The sequence
variation of the core protein separates the chloro-
plast type II Prx from other Prx (Fig. 1). On the ba-
sis of phylogenetic analysis (Fig. 2), the chloroplast
type II Prx cannot be unequivocally linked to a spe-
cific group. Therefore, no suggestion on the evolu-
tionary origin can be made. Interestingly, the highest
PrxIIE promoter activity was observed in the stamen
of young flowers as well as the embryo sac and albu-
men of older seeds (Bréhélin et al., 2003), suggesting
that PrxIIE is not specifically involved in photosyn-
thesis but in the antioxidant metabolism of plastids in
general.

For plant PrxQ, as for 2-Cys Prx (Baier and Di-
etz, 1997), an endosymbiotic origin was suggested.
Amino acid sequence alignment of PrxQ of higher
plants (Kong et al., 2000), cyanobacteria, E. coli,
and Saccharomyces cerevisiae (Fig. 3) demonstrates
that plant and cyanobacterial homologues have several
amino acid residues in common, which are not con-
served in E. coli and S. cerevisiae PrxQ. In contrast
to Arabidopsis, Synechocystis sp. PCC 6803 encodes
two PrxQ-like proteins that are more distantly related
to higher plant PrxQ than to E. coli PrxQ (Fig. 2).

B. Expressional Regulation of Chloroplast
Peroxiredoxin by Photosynthetic Signals

Consistent with the proposed function in protection
against photooxidative stress (Baier and Dietz, 1999a;
Broin et al. 2002; Dietz, 2003a), transcript levels of
the nuclear-encoded chloroplast Prx increase follow-
ing exposure to high light or a pro-oxidant treatment
in Arabidopsis thaliana (Horling et al., 2003), but de-
crease following transfer to low light or application
of antioxidants (Horling et al., 2003). Direct compari-
son of transcript level modulation indicated a slightly
greater response of 2-Cys prx A and prxQ to oxidants,
while 2-Cys prx B and prxIIE transcript amounts de-
creased more strongly following antioxidant treatment
(Horling et al., 2003).

Transcriptional regulation of 2-Cys prx A was re-
cently studied in more detail using a reporter gene ap-
proach (Baier et al., 2004). Photosynthesis was found
to be a key regulator of the promoter activity. In contrast
to regulation of PetE (Pfannschmidt et al., 2001) and
Apx2 expression (Karpinski et al., 1997), the photosyn-
thetic redox signal involved in 2-Cys Prx A regulation
is independent of the redox state of the plastoquinone
pool in Chlamydomonas and Arabidopsis (Goyer et al.,
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Fig. 1. Amino acid sequence alignment of Prx IIE of Arabidopsis thaliana and Oryza sativa with 7 sequences of other type II
peroxiredoxins. Identical amino acid residues are shaded black, similar aa from dark to light grey. The catalytic Cys is highlighted
with an asterisk. Identical amino acid residues of plastidic Prx are marked with an arrow. A.t.-PrxII-E/-B = Arabidopsis thaliana
(At3g5290, At1g65980); O.s.-PrxII-2 = Oryza sativa (BAA82377); Syncys-PrxII = Synechocystis PCC6803 (sll 1621); H.s.-Prxd5
= Homo sapiens (AP001453); L.e.-PrxII = Lycopersicon esculentum (AAP34571.1); C.a.-PrxII = Capsicum annuum (AAL35363);
B.r.-PrxII = Brassica rapa (AAD33602); P.t.-PrxII = Populus tremula*Populus tremuloides (AAL90751).

2002, Baier et al., 2004). The response to altered elec-
tron sink capacity of chloroplast metabolism points
towards a signal associated with acceptor availability
downstream of PS I (Baier et al., 2004). 2-Cys prx
A-promoter activity is strongly reduced by high CO2

that induces a decrease in the NADPH/NADP+-ratio
(Dietz and Heber, 1984). The promoter shows little re-
sponse to low CO2 concentrations that do not change

the redox state of NADPH/NADP+ in the chloroplasts
due to activation of the malate valve (Fridlyand and
Scheibe, 1999). ROS play a secondary role in 2-Cys
prx A promoter regulation. Promoter activity increases
only under severe (photo)-oxidative conditions, such as
illumination in the cold or wounding, pathogen attack,
and treatment with the plant hormone ethylene or H2O2

(Baier et al., 2004).
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Fig. 2. Phylogenetic distance tree of type II PRX, Prx Q, and 1-Cys Prx inferred with neighbor joining algorithm of uncorrected
distance matrix based on an amino acid data set (PAUP* 4.0b version 10 [Swofford, 2002]). Bootstrap values of 1000 replicates
above 50 % are shown. 2-Cys Prx from Arabidopsis and Synechocystis were taken as external reference sequence. Type II PRX:
A.t.-PrxII-A/-B/-C/-C/-D/-E/-F = Arabidopsis thaliana (At1g65990, At1g65980, At1g65970, At1g60740, At3g5290, At3g06050);
O.s.-PrxII-1/-2 = Oryza sativa (AAG40130, BAA82377); B.r.-PrxII = Brassica rapa (AAD33602); C.a.-PrxII = Capsicum annuum
(AAL35363); H.s.-Prxd5 = Homo sapiens (AP001453); L.e.-PrxII = Lycopersicon esculentum (AAP34571); P.t.-PrxII = Populus
tremula*Populus tremuloides (AAL90751); S.c.-PrxII = Saccharomyces cerevisiae (P38013); Syncys-PrxII = Synechocystis PCC
6803 (sll 1621). PRX Q: A.t.-PrxQ = Arabidopsis thaliana (At3g26060); E.c.-Bcp = Escherichia coli (NP289033); Nostoc-Bcp =
Nostoc sp. PCC 7120 (NP487223); S.c.-nTPx = Saccharomyces cerevisiae (P40553); S.l.-PrxQ = Sedum lineare (BAA90524); S.m.-
PrxQ = Suaeda maritima subsp. salsa (AAQ67661); Syncoc-Bcp = Synechococcus sp. WH 8102 (NP897108); Syncys-PrxQ =
Synechocystis PCC 6803 (sll0221); Syncys-PrxQhom = Synechocystis spec (sll0242). 1-Cys PRX: A.t.-1-CysPrx = Arabidopsis
thaliana (At1g48130); Syncys-1CysPrx = Synechocystis sp. (slr1198). 2-Cys PRX: A.t.-2CysPrxA/-B = Arabidopsis thaliana
(At3g11630, At5g06290); Syncys-2CysPrx = Synechocystis PCC 6803 (sll0755).
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Fig. 3. Amino acid sequence alignment of PrxQ. Three cDNA- or genome-derived amino acid sequences of PrxQ type peroxiredoxins
of higher plants were aligned with PrxQ sequences of two cyanobacteria, yeast, and E. coli. AA residues conserved throughout all
sequences are shaded black, aa residues conserved in some sequences are shaded grey. A.t.-PrxQ = Arabidopsis thaliana (At3g26060);
S.l.-PrxQ = Sedum lineare (BAA90524); S.m.-PrxQ = Suaeda maritima subsp. salsa (AAQ67661); Nostoc-Bcp = Nostoc sp. PCC
7120 (NP487223); Syncoc-Bcp = Synechococcus sp. WH 8102(NP897108); E.c.-Bcp = Escherichia coli (NP289033); S.c.-nTPx =
Saccharomyces cerevisiae (P40553).

Abscisic acid (ABA) further controls 2-Cys prx A
promoter activity in Arabidopsis (Fig. 4), and this
is distinct from the ABA-dependent regulation of
other antioxidant genes such as superoxide dismu-
tase (Sakamoto et al., 1995). Studies with the ABA-
biosynthetic mutants aba2 and aba3 (Schwartz et al.,
1997) and the abscisic acid-insensitive mutants abi1
and abi2 (Armstrong et al., 1995) demonstrated that
ABA is a strong suppressor of 2-Cys prx A tran-
scription. Redox signaling of 2-Cys prx A expression
depends on ABA, and it has been proposed that redox
signaling is integrated into the ABA signaling cascade
(Baier et al., 2004). The promoter regulation by ABA
on one hand and the peroxidase function of peroxire-
doxin on the other hand (König et al., 2002) suggest that
the ABA-mediated suppression of 2-Cys prx A might
be important for the stabilization of the ABA-induced
oxidative burst. Enzyme inactivation by overoxidation
(König et al., 2003; Wood et al., 2003) and transcrip-
tional suppression by ABA (Baier et al., 2004) could
simultaneously decrease the capacity of the peroxire-
doxin and thus allow peroxides to accumulate.

Fig. 4. Simplified scheme of promoter regulation of 2-Cys Prx
by redox and ABA-signals. ABA-biosynthesis and the redox
signal are under control of photosynthesis. Outside the plas-
tids, the redox signal integrates into the ABA-signaling cas-
cade by lowering or strengthening the suppressive ABA-signal.
In addition, by ROS-mediated inhibition of ABA-antagonistic
phosphatases like ABI1 and ABI2 (Meinhard and Grill, 2001;
Meinhard et al., 2002) the ABA-signal is strengthened under
stress conditions, which makes 2CPA-expression strongly re-
sponsive to antioxidants, but less inducible by oxidants (Baier
and Dietz, 1996; Horling et al., 2003).
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Fig. 5. Distribution of chloroplast Prx between soluble and
membrane fraction. Intact chloroplasts were isolated from bar-
ley leaves and incubated for 5 min in 10 mM ascorbic acid.
The chloroplasts were lysed by hypoosmotic shock. Thylakoids
were separated from the soluble stroma by centrifugation. Pro-
teins were separated by SDS-PAGE under reducing conditions
and analyzed by immunoblotting with antiserum against 2-Cys
Prx, PrxIIE, and PrxQ.

C. Function of Peroxiredoxins
in Photosynthesis

A first indication of the function of chloroplast perox-
iredoxins may be derived from their suborganellar com-
partmentation. Figure 5 shows that a considerable frac-
tion of chloroplast 2-Cys Prx and PrxQ is associated
with thylakoids, similar to other antioxidants like su-
peroxide dismutase and ascorbate peroxidase (Asada,
2000). Conversely, PrxIIE is mostly recovered in the
soluble (stroma) fraction of chloroplasts. As pointed
out above, expression of PrxIIE is not related to photo-
synthetic activity.

That 2-Cys Prx protects photosynthesis was revealed
by studies with transgenic plants expressing an anti-
sense construct (Baier and Dietz, 1999b, Baier et al.,
2000) and Synechocystis mutants with an inactivated
2-Cys prx gene (Klughammer et al., 1998; Yamamoto
et al., 1999). Arabidopsis expressing the barley 2-Cys
prx gene in antisense orientation under the control of
the 35S-promoter showed decreased levels of 2-Cys
Prx protein and retarded growth during the early phase
of development. The high stability of the Prx protein
allowed accumulation of Prx in older tissues despite
the low level of expression. In young, 2-6 week-old
seedlings, the decreased 2-Cys prx expression was re-
lated to lower levels of photosynthetic activity, chloro-
phyll, and photosynthetic proteins (Baier and Dietz,
1999b). At the same time, glutathione status was un-
changed, whereas ascorbate levels were increased and
considerably more oxidized (Baier et al., 2000). Ascor-
bate is involved in H2O2 detoxification by ascorbate
peroxidase in the Halliwell-Foyer cycle, reduction of

the tocopheroxyl radical, and in the violaxanthin cycle.
Decreased 2-Cys Prx apparently shifts the antioxidant
burden to the ascorbate system, either by stimulation of
ascorbate peroxidase or by non-enzymatic hydroperox-
ide detoxification by ascorbate. The Prx-based reducing
mechanism is alternative to the ascorbate peroxidase-
dependent pathway (Asada, 2000). The broad substrate
specificity of Prx, that includes activities towards hy-
drogen peroxide, alkyl hydroperoxides, and peroxini-
trite (Cheong et al., 1999; Choi et al., 1999; König
et al., 2002, 2003; Sakamoto et al., 2003; Rouhier et al.,
2004;), implies additional functions of Prx in chloro-
plasts. Prx are likely to be involved in reducing peroxi-
dized thylakoid lipids. This activity may either be part
of a detoxification mechanism or it may modulate lib-
eration of signaling molecules such as oxylipins (Baier
and Dietz, 1999a).

IV. The Reaction Mechanisms
of Peroxiredoxins

All Prx possess a cysteinyl residue in their catalytic cen-
ter within a highly conserved sequence environment.
The sulfhydryl group of this Cys residue, i.e. Cys-64
in Hordeum vulgare 2-Cys Prx, is the primary target
for the nucleophilic attack of the peroxide substrate
(Fig. 6). Sequence comparisons, site directed mutage-
nesis, and crystal structure analysis have revealed that
a catalytic triad composed of threonine, cysteine, and
arginine is essential for Prx function (Alphey et al.,
2000; Schröder et al., 2000). The corresponding amino
acid residues in barley 2-Cys Prx are Thr-62, Cys-
64, and Arg-140. The Cys64-Ser variant is inactive
when assayed for enzymatic activity with either hydro-
gen peroxide or alkylhydroperoxide as substrates and
either dithiothreitol or thioredoxin as regenerants, re-
spectively (König et al., 2003). An additional series of
residues in the catalytic center, Arg-140, Arg-163, and
Trp-99, are critically important for efficient peroxide
reduction (König et al., 2003).

Rouhier et al. (2004) showed that the catalytic triad
in plant type II Prx from poplar consists of Thr-48,
Cys-51, and Arg-129. These studies with site-directed
mutagenized variants of plant Prx showed that substrate
specificity can be altered by exchange of critical amino
acid residues. For example, wild type poplar type II
Prx showed an activity sequence with H2O2, t-butyl
hydroperoxide, cumene hydroperoxide, and phospho-
lipid hydroperoxide of 2.6 s−1, 1.5 s−1, 0.9 s−1, and
2.1 s−1, respectively. The Thr-48-Val variant revealed
residual activities of 2.3, 0.4, 16.3, and 2.2 %, re-
spectively, whereas Arg-129-Glu had activities of 0.3,
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Fig. 6. Mechanism of peroxide detoxification by Prx. A peroxide substrate ROOH reacts with the catalytic sulfhydryl group that is
converted to a sulfenic acid intermediate. The corresponding alcohol is liberated. The sulfenic acid is either converted to a disulfide
by a ‘resolving’ sulfhydryl group or further oxidized to sulfinic or sulfonic acid by interaction with another oxidizing agent R”OOH.
The resolving SH-group is either present on the same polypeptide chain (PrxQ, type II Prx), on another Prx subunit (2-Cys Prx),
or is yet unknown (1-Cys Prx). Regeneration of reduced active catalytic sulfhydryl group is achieved by electron donors such as
thioredoxin, glutaredoxin, cyclophilin, or other thiols. It appears likely that the overoxidized form can be re-reduced (question mark),
however the mechanism has not yet been identified.

3.6, 7.8, and 0% of the wild type protein, respectively
(Rouhier et al., 2004). There appears to be a potential
of engineering differential substrate specificity in Prx.
Lipid peroxides like cumene hydroperoxide rapidly in-
activate type II Prx; however, the inactivation was not
observed in the Thr-48 and Arg-129 variants. A similar
propensity to inactivation has been described before for
eukaryotic 2-Cys Prx, including the chloroplast 2-Cys
Prx of barley (König et al., 2002, 2003), and will be
discussed below in the context of a role of 2-Cys Prx
in cellular redox signaling. The chemical basis of inac-
tivation involves further oxidation of the intermediate
sulfenic acid form of the catalytic Cys generated dur-
ing the catalytic cycle to sulfinic or sulfonic acid (Wood
et al., 2003). The overoxidation reaction is stimulated
when peroxide concentrations are high (König et al.,
2002) or when peroxide substrates with bulky alkyl
groups bind to the 2-Cys Prx in vitro (König et al.,
2003). From these observations, it is concluded that the
sulfenic acid intermediate has to be rapidly converted to
a disulfide, by reacting with another sulfhydryl group,
in order to avoid attack of another peroxide resulting in
sulfinic acid formation. Depending on the Prx group,
the interacting sulfhydryl group is either within the
same protein subunit (type II Prx, PrxQ), on the sec-
ond homomeric subunit of the functional dimer (2-Cys
Prx), or, in case of 1-Cys Prx, presented by a yet un-
known donor (Rouhier et al., 2002; Dietz, 2003a). The
disulfide bridge formed is reduced to dithiol via other

thiol-disulfide exchange proteins such as thioredoxins,
glutaredoxins, or cyclophilins (Chae et al., 1994; Lee
et al., 2001; Rouhier and Jacquot, 2002). Reductive
regeneration of Prx by thioredoxins was first demon-
strated for yeast TpxI by Chae et al. (1994), and later
thioredoxin-dependent regeneration of oxidized plant
Prx was described for 2-Cys Prx from Chinese cabbage
(Choi et al., 1999). In addition to Trx from E. coli and
yeast, isoforms of chloroplast Trx-m and Trx-f regen-
erated 2-Cys Prx in vitro (König et al., 2002). In a more
detailed study by Collin et al. (2003), five chloroplast
Trx were compared for their efficiency in regenerating
2-Cys Prx. Trx-x reduces oxidized 2-Cys Prx most ef-
ficiently with a kcat/kM

=7.33 ± 0.28 l.s/mol, whereas
the kcat/kM of Trx-m2 was as low as 0.33 l.s/mol. These
results demonstrate specificity in the redox network
of chloroplasts. Similar differences in the regeneration
efficiency of diverse chloroplast thioredoxins were ob-
served for 2-Cys Prx A, 2-Cys Prx B, and PrxQ from
Arabidopsis thaliana.

V. Involvement of Organellar
Peroxiredoxins in Stress Response

Peroxiredoxins have been implicated in stress adap-
tation mainly on the basis of stress-specific stimula-
tion of gene expression (Horling et al., 2002, 2003).
Interestingly, among all Prx isoforms, the cytosolic
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PrxIIC was most responsive to a set of different stresses.
For example, in fully expanded leaves of Arabidop-
sis, phosphorous deficiency led to a 5-fold increase
in catalase-1 levels and an approximately 15-fold in-
crease in prxIIC transcript level (Kandlbinder et al.,
2004). The transcript levels of organellar peroxiredox-
ins also responded to redox-active effectors, metabolic
constraints, and abiotic stresses, albeit mostly in a more
subtle way.

Peroxiredoxins are a part of the redox network of
cells, which consists of many different thiol-disulfide
exchange proteins such as thioredoxins and glutare-
doxins. In a screen for drought- and oxidative stress-
induced proteins, Pruvot et al. (1996) identified a
thioredoxin-like protein denominated CDSP32 with
two thioredoxin domains and an active disulfide center
in the C-terminus (Rey et al., 1998). Sensitivity towards
oxidative stress increased in transgenic potato with de-
creased amounts of the CDSP32 (Broin et al., 2002).
2-Cys Prx was identified as an interacting partner of
CDSP32 (Broin et al., 2002). Leaf discs of transgenic
potato plants with decreased CDSP32 levels showed
twice the amount of heat-induced chlorophyll thermo-
luminescence (TL) in the presence of the oxidizing
reagent methyl viologen. Chlorophyll TL reflects en-
ergy transfer from excited forms of lipid peroxides to
chlorophyll and heat leads to de-excitation of chloro-
phyll through photon emission (Broin et al., 2003). Si-
multaneously, the fraction of over-oxidized 2-Cys Prx
was increased. The authors concluded that CDSP32 is
the electron donor to 2-Cys Prx, and that this system is
a critical component in the defense against lipid peroxi-
dation in photosynthetic membranes. In the same study,

the authors observed no change in 2-Cys Prx amounts
under drought, whereas 2-Cys Prx levels decreased in
plants with lowered CDSP32 levels. In another study,
plants differing in drought sensitivity were maintained
under water-limited conditions for 14 days. The field
capacity of the soil was maintained at 40%, which is
close to permanent wilting. 2-Cys Prx levels were un-
changed, and no differences were observed between
highly sensitive and less sensitive Vicia and Triticum
varieties (Fig. 7). PrxQ was slightly up-regulated un-
der drought and showed some correlation with drought
sensitivity. The fraction of monomeric 2-Cys Prx in-
creased in wilted plants, suggesting overoxidation of
the catalytic Cys-residue to sulfinic or sulfonic acid
(Broin et al., 2003). Likewise, König et al. (2002) re-
ported on the appearance of oligomerized 2-Cys Prx
under salt stress, severe drought, and aging. Overoxi-
dized 2-Cys Prx are known to oligomerize similar to
the reduced form (Wood et al., 2003). The decamer at-
taches to the thylakoid membrane, where it could act
as a signal as proposed below (König et al., 2003). The
fate of overoxidized 2-Cys Prx is not clear at present.
It may be degraded, or a yet unknown reduction mech-
anism could enzymatically regenerate active thiols in
the active sites.

VI. Peroxiredoxins in Redox Signaling

Reduction of toxic peroxides appears to be the principal
activity and direct function of Prx. Either through this
activity or by other mechanisms, Prx are suggested to
play a role in ROS and RNS signaling. Three scenarios
are discussed below:

Fig. 7. 2-Cys Prx amount in leaves of plants of varying drought sensitivity subjected to drought. The field capacity of 4 weeks old
plants was adjusted to 40% for 2 weeks. The 2-Cys Prx amounts in control (c) and droughted (d) leaves of Zea maize, tolerant and
sensitive Vicia faba lines, and tolerant, moderate, and sensitive Triticum aestivum lines were analyzed, respectively. The figure shows
consistent 2-Cys Prx content in response to drought independent of the level of tolerance.
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(i) Prx modulate ROS and RNS levels
Catalytic activities have only been studied for
some plant Prx. Barley 2-Cys Prx has a kcat of
0.23 [s−1] and a catalytic efficiency kcat/Km

of 1.1 · 105M−1s−1 (König et al., 2003).
kcat of type II Prx varied between 0.9 s−1

for cumene hydroperoxide and 2.6 s−1 for
H2O2 with catalytic efficiency in the range
of 8 · 104M−1s−1 for phosphatidylcholine hy-
droperoxide (Rouhier et al., 2004). Thus, Prx
are classified as good catalysts with interme-
diate activities that are slightly lower than the
activities of enzymes like ascorbate peroxidase
and considerably lower than those of superox-
ide dismutases and catalases (Asada, 1999).
It should be noted that it is not clear whether
the most efficient and natural regenerants have
been identified thus far. Different thioredox-
ins vary in their efficiency to regenerate ox-
idized 2-Cys Prx (Collin et al., 2003). How-
ever, since 2-Cys Prx is an abundant protein
in the chloroplast, even an intermediate cat-
alytic efficiency will affect the steady state
concentration of ROS and RNS in the chloro-
plast and, thereby, modulate ROS- and RNS-
dependent signaling (Dietz, 2003b; Neill et al.,
2003; Pfannschmidt, 2003). Protein levels of

PrxIIE and PrxQ appear to be lower than those
of 2-Cys Prx. However, the catalytic efficiency
of PrxQ is almost 100-fold higher than that of
2-Cys Prx. This fact supports the view that
PrxQ also significantly contributes to antiox-
idant defense in chloroplasts. Regulation of
Prx activities will affect redox signaling. The
functional unit of 2-Cys Prx is the dimer
that oligomerizes to decamers, i.e. five dimers
form a ring-like structure (Wood et al., 2003).
Oligomerization has also been observed for
plant 2-Cys Prx under high salt and reduc-
ing conditions (König et al., 2002, 2003).
At elevated peroxide concentration, 2-Cys
Prx are over-oxidized and also oligomerize
(Fig. 8). Thus, there is a cycling between
membrane-associated reduced Prx and solu-
ble oxidized Prx. Recently, Wood et al. (2002)
suggested that 2-Cys Prx might function as a
floodgate in redox signaling. Beyond a cer-
tain threshold of peroxide concentration, the
2-Cys Prx is over-oxidized. Due to this in-
activation, Prx cannot detoxify ROS or RNS
any longer, and ROS- and RNS-mediated sig-
nal transduction may proceed at maximum
efficiency (Wood et al., 2002). The scenario
was developed for 2-Cys Prx from non-plant

Fig. 8. Regulatory cycle of 2-Cys Prx and possible signals affected or liberated by 2-Cys Prx. 2-Cys Prx exists in four states,
i.e. oxidized dimer, reduced dimer, reduced oligomer, and over-oxidized oligomer. Redox-dependent signaling may be initiated by
affecting the free peroxide concentration, by kinetically tuning the redox state of another dithiol/disulfide component that in turn
modulates downstream events, or by the distribution of Prx between thylakoid and stroma. The overoxidized form may act as a static
redox sensor (Dietz, 2003b). See text for further details.
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eukaryotes and may also apply to plant 2-Cys
Prx.

(ii) Prx sense ROS and may kinetically transmit
information to other regulatory elements
Following peroxide reduction, 2-Cys Prx need
to be regenerated prior to the next catalytic
cycle. Various regenerants have been shown
to function in 2-Cys Prx reduction, namely
thioredoxins, glutaredoxins, and cyclophilins
(Chae et al., 1994; Lee et al., 2001; Rouhier
et al., 2002). Assuming a bifunctional role of
the regenerant, i.e. in reducing both Prx and
another possibly signal transduction element,
the rate of electron drainage from the regener-
ant by Prx reduction may transmit information
to other signaling pathways. In this case, Prx
may act as a kinetic peroxide sensor without
necessarily functioning in substantial peroxide
detoxification (Fig. 8) (Hofmann et al., 2002;
Dietz, 2003a, b).

(iii) Prx function as static ROS sensors
A third role in redox sensing may be hypothe-
sized on the basis of the dimer-oligomer tran-
sition (Fig. 8). Both reduced and over-oxidized
2-Cys Prx bind to the thylakoid membrane
(König et al., 2003). The nature of the binding
site or sites is unknown. The reduction versus
over-oxidation state affects complex assembly
and thereby could trigger signaling events.

VII. Conclusions

Taken together, the comparison of plant and cyanobac-
terial peroxiredoxin gene families and the more
advanced knowledge on Prx function in higher plants
indicate a significant role of peroxiredoxins in photo-
synthesis. It is hypothesized that 2-Cys Prx and PrxQ
evolved in the functional context of oxygenic photo-
synthesis and were brought into the plant cell by en-
dosymbiosis. In addition to their role in detoxifying
hydrogen peroxide, alkylhydroperoxide, and peroxini-
trite, a function in redox sensing and signaling appears
likely. Experiments with plants and cyanobacteria ex-
pressing either modified levels of Prx or site-directed
mutagenized variants of Prx should provide answers to
the question of redundancy versus specificity of physio-
logical function. Furthermore, proteins interacting with
Prx, for example the binding sites for 2-Cys Prx und
PrxQ at the thylakoid membrane, need to be identified
to develop a model of Prx involvement in signal trans-
duction and site-specific detoxification. Another aspect

for further investigation relates to the role of peroxire-
doxins in the development of antioxidant defense dur-
ing evolution. Towards this end, interesting clues can
be expected from the increasing number of completed
genomic sequences of various cyanobacteria and green
algae.
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Summary

Lipoxygenases are a family of enzymes that dioxygenate unsaturated fatty acids, thus initiating lipoperoxidation of
membranes and the synthesis of signaling molecules, or inducing structural and metabolic changes in the cell. This
activity is the basis for the critical role of lipoxygenases in a number of pathophysiological conditions, in both animals
and plants. In the past few years, a pro-apoptotic effect of lipoxygenase has been reported in different cells and
tissues, leading to cell death along unrelated apoptotic pathways. However, anti-apoptotic effects of lipoxygenases
have also been reported, often based on the use of enzyme inhibitors. In the present review, the characteristics of
the lipoxygenase family and the role of lipoxygenase activation in apoptosis of animal and plant cells are discussed,
suggesting a common signal transduction pathway in cell death conserved through the evolution of both kingdoms.
In addition, the inhibition of lipoxygenases by antioxidants and its consequences on apoptosis will be presented.

I. Introduction

Lipoxygenases (linoleate:oxygen oxidoreductase, EC
1.13.11.12; LOXs) are a family of monomeric non-
heme, non-sulfur iron dioxygenases that catalyze the
conversion of polyunsaturated fatty acids into con-
jugated hydroperoxides. The unsaturated fatty acids,
which are essential in humans, are absent in most bac-
teria and thus LOXs are also absent in typical prokary-
otes. LOXs are widely expressed in animal and plant
cells, sometimes at high level, and their activity may
initiate the synthesis of a signaling molecule or may
induce structural or metabolic changes in the cell.
Mammalian lipoxygenases have been implicated in the
pathogenesis of several inflammatory conditions such

∗Author for correspondence, email:maccarrone@unite.it

as arthritis, psoriasis, and bronchial asthma (Kühn and
Borngraber, 1999). They are also thought to have a role
in atherosclerosis (Cathcart and Folcik, 2000), brain ag-
ing (Manev et al., 2000), HIV infection (Maccarrone et
al., 2000a), kidney disease (Maccarrone et al., 1999a;
Montero and Badr, 2000), and terminal differentiation
of keratinocytes (Heidt et al., 2000). In plants, lipoxy-
genases play a role in germination, and participate in
the synthesis of traumatin and jasmonic acid and in
the response to abiotic stress (Grechkin, 1998; Feuss-
ner and Wasternack, 2002; Weichert et al., 2002). Re-
markably, several of the above-mentioned conditions
are associated with apoptosis (programmed cell death,
PCD) in both animals (Han et al., 1995; Lizard et al.,
1996; Martı́n-Malo et al., 2000; Fumelli et al., 2000)
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Fig. 1. Schematic diagram of the three-dimensional structure of soybean (Glycine max) lipoxygenase-1, showing the small N-
terminal domain I (rectangular box) and the large C-terminal domain II. The iron-containing active site is located in domain II, and
can be reached by molecular oxygen (O2) through cavity I and by arachidonic acid (eicosatetraenoic acid, ETE) through cavity II.
β-Sandwiches are represented in yellow, α-helices in blue, random coils in gray, and iron is the red sphere. The three-dimensional
structure was modelled through the RASMOL program, using the lipoxygenase-1 sequence (PDB accession number: 2SBL).

and plants (Greenberg, 1996; Jones and Dangl, 1996;
Wang H. et al., 1996; Wang M. et al., 1996; Koukalová
et al., 1997).

LOXs from animal and plant tissues have been se-
quenced, purified, and characterized, and have been
shown to form a closely related family with no sim-
ilarities to other known sequences. The phylogenetic
tree shows that plant and animal enzymes are sepa-
rate branches, each forming several subgroups (Brash,
1999). When arachidonic (eicosatetraenoic, C20:4;
ETE) acid is the substrate, different LOX isozymes
can add a hydroperoxy group at carbons 5, 12, or
15, and are therefore designated 5-, 12-, or 15-
lipoxygenases. Linoleic (octadecadienoic, C18:2; OD)
acid and linolenic (octadecatrienoic, C18:3; OT) acid
are also substrates of LOXs. Soybean (Glycine max (L.)
Merrill) lipoxygenase-1 (LOX-1) is a 15-lipoxygenase
widely used as a prototype for studying the homolo-
gous family of lipoxygenases from tissues of different

Abbreviations: ERK – extracellular regulated kinase; ETE –
eicosatetraenoic (arachidonic) acid; FLAP – 5-lipoxygenase ac-
tivating protein; HR – hypersensitive response; LOX – lipoxy-
genase; LRP – lentil root protoplast; MAPK – mitogen-activated
protein kinase; NDGA – nordihydroguaiaretic acid; NF-kB – nu-
clear factor-kB; NSAID, – nonsteroidal anti-inflammatory drug;
OD – octadecadienoic (linoleic) acid; OT – octadecatrienoic
(linolenic) acid; PCD – programmed cell death; PLA2 – phospho-
lipase A2; PPAR – peroxisomal proliferator-activated receptor;
ROS – reactive oxygen species; SPD – spermidine; SPN – sper-
mine; TGF – transforming growth factor; TNF – tumor necrosis
factor.

species, both in structural (Boyington et al., 1993;
Minor et al., 1996; Gan et al.; 1996; Sudharshan and
Appu Rao, 1999; Sudharshan et al., 2000) and kinetic
(Glickman and Klinman, 1995; Jonsson et al., 1996;
Maccarrone et al., 2001a, 2001b; Di Venere et al.,
2003) investigations. The primary sequence (Shibata
et al., 1987) and three dimensional structure (Boying-
ton et al., 1993; Minor et al., 1996) of LOX-1 have
been determined, showing that it is a prolate ellipsoid
of 90 by 65 by 60 Å, with 839 amino acid residues
and a molecular mass of 93840 Da. LOX-1 is made of
two domains: a 146-residue β-barrel at the N-terminal
(domain I) and a 693-residue helical bundle at the C-
terminal (domain II). The iron-containing active site is
in the center of domain II, liganded to four conserved
histidines and to the carboxyl group of the C-terminal
conserved isoleucine. It can be reached through the two
cavities (I and II) shown in Fig. 1.

Cavity I presents an ideal path for the access of
molecular oxygen to iron, whereas cavity II can accom-
modate arachidonic acid or even slightly larger fatty
acids (Boyington et al., 1993). Mammalian lipoxyge-
nases lack the N-terminal domain present in LOX-1
and related plant lipoxygenases, thus showing smaller
molecular mass (75 - 80 kDa compared to 94 -104 kDa
in plants). It has been suggested that the N-terminal
domain in LOX-1 makes only a loose contact with
the C-terminal domain (Boyington et al., 1993), and
that it may be dispensable for plant lipoxygenases
(Minor et al., 1996), because all of the amino acid
side chains responsible for catalysis are located in
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the C-terminal domain. However, limited proteolysis
experiments indicated that the two domains are instead
tightly associated (Ramachandran et al., 1992), and that
domain-domain interactions play a role in the reversible
unfolding of LOX-1 (Sudharshan and Appu Rao, 1999)
through ionic interactions (Sudharshan and Appu Rao,
2000). We have recently shown that the N-terminal do-
main of LOX-1 is a built-in inhibitor of the activity and
membrane binding ability of the enzyme (Maccarrone
et al., 2001a), conferring to LOX-1 lower flexibility
and lower hydration and, hence, higher stability than
domain II alone (Di Venere et al., 2003). LOX-1 is
usually in the inactive Fe2+ form (Brash et al., 1998).
Oxidation to the active Fe3+ enzyme is required for
catalysis, and cleavage of the C-H bond of the substrate
is the rate-limiting step of the overall dioxygenation re-
action (Glickman and Klinman, 1995; Jonsson et al.,
1996).

II. Involvement of Lipoxygenases
in Apoptosis

The role of lipoxygenases in programmed cell death
of animal and plant cells has been recently reviewed
(Maccarrone et al., 2001b), and here the main findings
will be summarized. Cellular membranes are the pri-
mary site of several PCD inducers (Fadok et al., 1998,
2000; Ren and Savill, 1998; Kagan et al., 2000) and
lipid messengers have long been known to act as reg-
ulators of apoptosis (McGahon et al., 1995). Indeed,
mobilization of esterified fatty acids from membranes
represents a key regulatory step in cellular response
to various stimuli such as growth factors, cytokines,
chemokines, and circulating hormones (Locati et al.,
1994). The role of fatty acids in signal transduction
through interactions with protein kinases, lipases, or
G proteins (Los et al., 1995), and gene transcription
through interactions with nuclear receptors of the per-
oxisomal proliferator-activated receptor (PPAR) fam-
ily (Devchand et al., 1996; Nolte et al., 1997), is in-
creasingly apparent. More recently, attention has been
drawn to the role of the lipoxygenase-triggered “arachi-
donate cascade” (Funk, 2001) in the execution of mam-
malian cell apoptosis. In fact LOXs, by introducing a
peroxide into the fatty acid moieties of (phospho)lipids
(Kühn et al., 1990; Feussner et al., 1995, 1997; Schnurr
et al., 1996; Pérez-Gilabert et al., 1998), modify the
fluidity and permeability of biomembranes (Wratten
et al., 1992; Maccarrone et al., 1995a). These mem-
brane modifications may play a regulatory role in the
physiological clearance of apoptotic cells (Mic et al.,

1999; Godson et al., 2000). Moreover, lipid oxidation
products can damage proteins by reacting with lysine
amino groups, cysteine sulfhydryl groups, and histidine
imidazole groups (Refsgaard et al., 2000). Besides the
direct lipid membrane and indirect protein modifica-
tions, LOXs can also generate reactive oxygen species
(ROS), which are well known inducers of PCD (Eu
et al., 2000; Hensley et al., 2000; Miller et al., 2000;
Schaul, 2000; Sekharam et al., 2000). Furthermore, the
hydroperoxides generated by LOXs from fatty acids
released from membranes by phospholipase activity
(Cummings et al., 2000) can act as lipid messengers
along different apoptotic pathways, all leading to nu-
clear changes like chromatin condensation and DNA
fragmentation that are typical of PCD (Maccarrone
et al., 2001b). Lipid peroxides have long been con-
sidered critical in apoptosis (Hockenbery et al., 1993;
Torres-Roca et al., 1995), and LOX products have been
shown to induce PCD in human T cells (Sandstrom
et al., 1994, 1995), neutrophils (Hébert et al., 1996),
PC12h cells (Aoshima et al., 1997), and Jurkat cells
(Liberles and Schreiber, 2000). Therefore, it is not sur-
prising that activation of lipoxygenases has been as-
sociated with programmed death of different cells and
tissues induced by different, unrelated stimuli (Table 1
and references therein). Several studies have shown the
pro-apoptotic activity of 5-LOX (Maccarrone et al.,
1997, 1998a), of leukocyte-type 12-LOX (Zhou et al.,
1998; Kamitani et al., 1999), and of 15-LOX (Zhou
et al., 1998; Ikawa et al., 1999; Kasahara et al., 2000),
and have identified the molecular targets for lipoxy-
genase interaction that contribute to the induction of
apoptosis (Table 1 and references therein).

In the context of the induction of apoptosis by acti-
vation of lipoxygenases, it is noteworthy that these en-
zymes are also able to uncouple mitochondria within
hours (Maccarrone et al., 2000c). LOX activity can
dioxygenate mitochondrial membranes (Kühn et al.,
1990; Feussner et al., 1995), leading to formation of
pore-like structures in the lipid bilayer which initiate
programmed organelle disruption (Van Leyen et al.,
1998). It can be proposed that LOX products per-
turb the mitochondrial membrane by increasing flu-
idity (Maccarrone et al., 2000c), thus allowing calcium
release. In turn, cytosolic calcium stimulates LOX ac-
tivity (Hammarberg and Rådmark, 1999), which can
further uncouple mitochondria and trigger a cascade of
events leading to cell death. In this line, it can be re-
called that lipoxygenase activation also affects protein
phosphorylation (Rice et al., 1998) and cytoskeleton
organization (Provost et al., 1999), both of which can
be instrumental in promoting PCD. In fact, we have
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Table 1. Pro-apoptotic stimuli that upregulate lipoxygenase activity and cellular targets for lipoxygenase interaction.

Stimulus Reference Molecular target Reference

TNFαa O’Donnell et al., 1995 Membrane lipids Maccarrone et al., 1998a
Kamitani etal., 1998

TGFβ1 ± cisplatin Maccarrone et al., 1996 Phospholipase A2 Tang et al., 1997
Fas/APO-1 ligand Wagenknecht et al., 1998 Phospholipase C Szekeres et al., 2000
Retinoic acid Maccarrone et al., 1997 Mitochondria Biswal et al., 2000

Maccarrone et al., 2000c
H2O2 Croft et al., 1990

Levine et al., 1994
Buonaurio and Servili, 1999
Rusterucci et al., 1999
Maccarrone et al., 2000b

Free radicals Maccarrone et al., 1997

Thapsigargin Zhou et al., 1998 Calcium stores Buyn et al., 1997
Metzler et al., 1998

Bleomycin Vernole et al., 1998 Caspases Wagenknecht et al., 1998
Tamoxifen Maccarrone et al., 1998b

Kamitani et al., 1998
MAPK phosphatase1 Metzler et al., 1998

Sodium butyrate Ikawa et al., 1999
Kamitani et al., 1999

p38-MAPK Aoshiba et al., 1999

X-ray irradiation Matyshevskaia et al., 1999 Protein kinase C Szekeres et al., 2000
NSAIDs Shureiqi et al., 2000 ERK1/2, Ras Szekeres et al., 2000

Maccarrone et al., 2000c
a TNFα, tumor necrosis factor α; TGFβ1, transforming growth factor β1; NSAIDs, nonsteroidal anti-inflammatory drugs; MAPK,
mitogen-activated protein kinase; ERK, extracellular regulated kinase.

previously shown that LOX activation is an early event
along different apoptotic pathways, and occurs several
hours before any typical sign of apoptosis at the nu-
clear level (Maccarrone et al., 1999b). Furthermore,
early LOX activation was not observed in necrotic
cells (Maccarrone et al., 1999b), thus representing the
first biochemical difference between the initiation of
apoptosis and that of necrosis so far described. Alto-
gether, the available experimental evidence supports
the scheme shown in Fig. 2. Physical (UV light) or
chemical (drugs, oxidative stress, serum starvation) in-
duction of PCD, as well as apoptotic pathways medi-
ated by receptors, like CD28, interleukin receptor or Fas
(Maccarrone et al., 2001b), all involve LOX activation,
leading to membrane lipid peroxidation and decreased
mitochondrial potential. These events are accompa-
nied by increased release of cytochrome c, followed by
the activation of caspases as executioners of apoptosis
(Fadok et al., 2000). In addition, LOX-mediated pro-
grammed cell death implies modifications of: i) mem-
brane properties (exposure of phosphatidylserine, in-
creased levels of cholesterol and consequent altered
Ras expression, generation of free hydroperoxides);
ii) cytoskeleton (at the level of coactosin-like pro-
tein, lamins, Gas 2, and α-fodrin), and iii) gene tran-
scription (through nuclear factor (NF)-kB, poly(ADP-
ribose) polymerase, and ROS).

In plants, PCD has been associated with germina-
tion (Wang M. et al., 1996), various phases of de-

velopment and senescence (Greenberg, 1996; Jones
and Dangl, 1996), and response to salt (Katsuhara
and Kawasaki, 1996) or cold (Koukalová et al., 1997)
stress. A type of PCD of particular interest, termed
“hypersensitive response (HR)”, has been observed
during the plant response to pathogen attack (Jones
and Dangl, 1996; Wang H. et al., 1996). Signal trans-
duction pathways are activated during HR, leading to
biosynthesis or release of potential antimicrobial ef-
fector molecules that are thought to contribute to both
host and pathogen cell death (Levine et al., 1994; Jones
and Dangl, 1996; Wang H. et al., 1996). Among other
signals, rapid generation of ROS has been implicated
in HR of plants against pathogens (Jabs et al., 1996).
In particular, hydrogen peroxide has been shown to be
a crucial component of the HR control circuit, since a
short pulse of exogenous H2O2 is sufficient to activate
the hypersensitive cell death programme in soybean
cells (Levine et al., 1994). A similar HR has been ob-
served in bean (Croft et al., 1990), pepper (Buonaurio
and Servili, 1999), and tobacco (Lacomme and Santa
Cruz, 1999; Rusterucci et al., 1999) leaves infected
with different pathogens. Interestingly, LOX activation
has been associated with HR (Buonaurio and Servili,
1999; Rusterucci et al., 1999), and H2O2 oxidative
stress has been shown to induce animal cell apoptosis
(P.F. Li et al., 1997; Maccarrone et al., 1997; Quillet-
Mary et al., 1997) through activation of 5-LOX
(Maccarrone et al., 1997).
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Fig. 2. Model of lipoxygenase-dependent apoptosis. In different cell types, pro-apoptotic inducers like UV light, oxidative stress,
or receptor activation by ligands upregulate various lipoxygenase (LOX) isozymes that are directly associated with decreased
mitochondrial potential (��), increased cytochrome c release, and caspase activation, ultimately leading to apoptosis. LOX activation
also causes the formation of membrane lipoperoxides (LOOH) that contribute to the induction of apoptosis. Antioxidants like
eicosatetraynoic acid (ETYA), caffeic acid (CA), α-tocopherol (α-TC), and ascorbic acid (AA), or specific anti-LOX monoclonal
antibodies (mAbs), are able to inhibit LOX activity, thus preventing membrane peroxidation and mitochondrial damage responsible
for LOX-induced apoptosis.

We have recently used oxidative stress by exoge-
nous H2O2 to investigate whether LOX activation was
a cause rather than an effect of plant cell apoptosis.
Lentil (Lens culinaris) lipoxygenase has been char-
acterized (Maccarrone et al., 1992), cloned (Hilbers
et al., 1994), and expressed in Escherichia coli (Hilbers
et al., 1996), and therefore lentil root protoplasts (LRP)
were chosen as a model. It was shown that the early
phase of hydrogen peroxide-induced apoptosis is char-
acterized by enhancement of lipoxygenase activity, at-
tributable to up-regulation of gene expression at both
the transcriptional and translational level. The increase
of lipoxygenase was paralleled by an enhancement
of ultraweak luminescence, a marker of LOX-related

membrane lipid peroxidation (Nakano et al., 1994;
Maccarrone et al., 2000b). These findings suggest that
lipoxygenase activation might contribute to membrane
peroxidation during hydrogen peroxide-induced PCD,
resembling previous observations from animal cells
(Maccarrone et al., 1997). Nordihydroguaiaretic acid
(NDGA) protected LRPs against H2O2-induced DNA
fragmentation and ultraweak luminescence. However,
in view of the lack of specificity of this LOX inhibitor
(see later in this review), we also used inhibitory anti-
LOX monoclonal antibodies that are capable of block-
ing LOX activity in LRPs without affecting the re-
dox state of the cell (Maccarrone et al., 2000b). These
antibodies too protected LRPs against H2O2-induced
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PCD, whilst the specific products of LRP lipoxyge-
nase, 9-hydroperoxylinoleic acid (9-HPOD) and 13-
HPOD (Hilbers et al., 1995), were able per se to in-
duce DNA fragmentation (Maccarrone et al., 2000b).
Furthermore, 9-hydroxylinoleic acid (9-HOD) and 13-
HOD, the reduced forms of the LOX products in LRPs,
were able to induce cell death and DNA fragmenta-
tion to almost the same extent as the corresponding
HPODs, again matching our previous observations on
human cells (Maccarrone et al., 2000b). Collectively,
the results obtained with LRPs show that activation of
lipoxygenase with the consequent membrane peroxi-
dation is a critical step in the initiation of apoptosis in
plants. Since similar findings were reported in H2O2-
induced PCD of human cells, these observations sug-
gest that animals and plants share a common signal
transduction pathway triggering apoptosis after oxida-
tive stress. Whether or not LOX products regulate the
physiological clearance of apoptotic cells in plants, as
they do in animals, remains to be elucidated.

III. Role of Antioxidants in
Lipoxygenase-mediated Apoptosis

Anti-apoptotic effects of LOXs have also been reported,
mainly based on the observation that LOX inhibitors,
most often NDGA and MK886, had pro-apoptotic ac-
tivity (Tang et al., 1996, 1997; Ghosh and Myers, 1998;
Korystov et al., 1998; Ding et al., 1999; L. Li et al.,
1999). Interestingly, in other cellular types NDGA or
MK886 protected against apoptosis (O’Donnell et al.,
1995; Maccarrone et al., 1996, 1997; Wagenknecht
et al., 1998; Zhou et al., 1998; Shureiqi et al., 2000) or
induced PCD even in cells completely devoid of LOX
activity (Vanags et al., 1997; Datta et al., 1999; Biswal
et al., 2000). In this context, it should be recalled that
most of the LOX inhibitors used in PCD studies, includ-
ing NDGA, act by reducing the active Fe3+ enzyme to
the inactive Fe2+ form (Fig. 3).

Yet, NDGA also blocks voltage-activated calcium
currents, inhibits P450 monooxygenase activity, and
acts as a general radical scavenger (O’Donnell et al.,
1995). On the other hand, MK886, which inhibits 5-
LOX by blocking the 5-LOX activating protein (FLAP)
(Datta et al., 1999), can also induce PCD via a caspase-
3-dependent pathway that is related to bcl-xL but unre-
lated to 5-LOX (Datta et al., 1998). Recently, MK886
has been found to be effective as a PCD inducer at
doses 100-fold higher than those required for 5-LOX
inhibition in a human cell line which lacks FLAP and
its mRNA (Datta et al., 1999). Resveratrol, a natural

cancer preventive agent present in red wine (Jang
et al., 1997; Soleas et al., 1997; Rotondo et al., 1998),
has been shown to inhibit PCD induced by unrelated
stimuli in human erythroleukemia K562 cells through
competitive inhibition of 5-LOX and 15-LOX activity
(Maccarrone et al., 1999c; Pinto et al., 1999). However,
resveratrol is a general antioxidant that also inhibits
nonenzymatic lipoperoxidation (Belguendouz et al.,
1997) and cyclooxygenase activity (Subbaramaiah
et al., 1998; Maccarrone et al., 1999c), and acts as
an agonist for the estrogen receptor (Gehm et al.,
1997). Finally, caffeic acid, which prevents apoptosis
linked to 5-LOX activation (Maccarrone et al., 1997),
is a LOX inhibitor with general antioxidant properties
(Sud’ina et al., 1993), much like the LOX inhibitors
α-tocopherol (Lomnitski et al., 1993) and γ -tocopherol
(Jiang and Ames, 2003). In addition to antioxidants able
to reduce active Fe3+ to inactive Fe2+ in the LOX active
site (Fig. 3), a number of other antioxidants have been
shown to inhibit LOX-1 activity via different mech-
anisms (Maccarrone et al., 1995b, 1998b; Lomnitski
et al., 1997; Trono et al., 1999; Pastore et al., 2000;
Jiang and Ames, 2003). Here we summarize the effect
of some of the antioxidants that might be more relevant
for apoptosis and for human nutrition (Demmig-Adams
and Adams, 2002).

Ascorbic acid (Fig. 3) was found to be a compet-
itive inhibitor of LOX-1 (Maccarrone et al., 1995b),
showing an inhibition constant (Ki) of 27 μM
(Table 2).

Inhibition by ascorbic acid was reversible, with
LOX-1 regaining full activity after 4 min of dialysis
of enzyme/inhibitor mixtures (15 nM/100 μM) at 4˚C,
and was dependent on the pH of the reaction (Mac-
carrone et al., 1995b). Interestingly, dehydroascorbic
acid inhibited LOX-1 activity to a lesser extent than
ascorbic acid. In fact, 150 μM dehydroascorbic acid
reduced linoleic acid oxygenation to ∼70% of the con-
trol value, compared to ∼40% obtained with the same
concentration of ascorbic acid. Similar inhibition stud-
ies were performed with the chain-breaking antiox-
idants 6-palmitoylascorbic acid and trolox, a water-
soluble analogue of α-tocopherol. Both compounds
were found to be reversible and competitive inhibitors
of LOX-1 activity (Maccarrone et al., 1995b), Ki val-
ues being 3 μM and 18 μM, respectively (Table 2).
Unlike other antioxidant inhibitors of LOX-1, ascorbic
acid, 6-palmitoylascorbic acid, and trolox did not re-
duce Fe3+ to inactive Fe2+ in the active site, as demon-
strated by the reaction progress curves showing that the
lag phase of the reaction was not prolonged (Maccar-
rone et al., 1995b). EPR spectroscopy confirmed this



Fig. 3. Antioxidant inhibitors of lipoxygenase activity, some of which are widely used in investigations on apoptosis of animal and
plant cells.

Table 2. In vitro inhibition of lipoxygenase activity by antioxidants.

Inhibition constant

Inhibitor Type of inhibition (Ki,μM) Reference

Ascorbic acida competitive 27 Maccarrone et al., 1995b
6-Palmitoylascorbic acida competitive 3 Maccarrone et al., 1995b
Troloxa competitive 18 Maccarrone et al., 1995b
α-Tocopherolb noncompetitive 30 Maccarrone et al., 1999a
β-Carotenec mixed 2.4 Lomnitski et al., 1993
Retinolc competitive 1.7 Lomnitski et al., 1993
Sperminea competitive 800 Maccarrone et al., 1998b
Spermidinea uncompetitive 2,700 Maccarrone et al., 1998b
a Assays were performed with soybean (Glycine max) lipoxygenase-1.
b Assays were performed with barley (Hordeum vulgare) 5-lipoxygenase.
c Assays were performed with soybean (Glycine max) lipoxygenase-2.
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finding, clearly indicating the lack of radical formation
from the inhibitor molecules during LOX-1 inhibition
(Maccarrone et al., 1995b). It can be speculated that
the chain-breaking antioxidants might interact with the
interior of the “funnel” leading to the active site (cav-
ity II in Fig. 1), because enhancing the lipophilicity of
the inhibitor made it more effective (compare ascorbate
and 6-palmitoylascorbate in Table 2). Similar results
have been reported for soybean LOX-2 inhibition by
β-carotene (Lomnitski et al., 1993; Trono et al., 1999)
and by α-tocopherol (Lomnitski et al., 1993; Pastore
et al., 2000).

Interestingly, the activity of LOX-1 was also in-
hibited by polyamines in a dose-dependent manner
(Maccarrone et al., 1998b). The inhibitory power fol-
lowed the order: spermine > spermidinespermidine >
cadaverine � putrescine. Therefore, spermine (SPN)
and spermidine (SPD) were chosen to further character-
ize the inhibition mechanism. Lineweaver-Burk plots
of the reaction catalyzed by LOX-1, in the presence or
absence of SPN or SPD, indicated that both compounds
are uncompetitive inhibitors of LOX-1 with respect to
linoleic acid, the inhibition constants being 800 μM
and 2700 μM for SPN and SPD respectively (Table 2).
Cadaverine (1,5-diaminopentane) was approximately
as effective as putrescine (1,4-diaminobutane), yield-
ing a maximum inhibition of LOX-1 activity of ∼20%
(Maccarrone et al., 1998b). Therefore, the spacing be-
tween the amino groups does not seem to influence the
inhibitory ability of polyamines. Moreover, the uncom-
petitive inhibition of LOX-1 with respect to linoleic
acid indicated that SPN and SPD bind to the enzyme-
substrate complex only. Also, the presence of a nega-
tive charge on the substrate molecule does not seem to
be involved in the interaction with polyamines, because
dioxygenation of linoleic acid (negatively charged) and
methyl-linoleate (uncharged) was inhibited to the same
extent (Maccarrone et al., 1998b). Neither SPN nor
SPD inhibited LOX-1 by reducing active Fe3+ to inac-
tive Fe2+ in the catalytic site, because the duration of
the lag phase of the reaction, which is a function of the
iron redox state, was not affected (Maccarrone et al.,
1998b). It seems noteworthy that the radical trapping
ability of polyamines increases from putrescine to sper-
mine, in keeping with their inhibitory power towards
LOX-1. Of further interest is the fact that polyamines,
in a concentration range close to the physiological val-
ues, were shown to efficiently inhibit the activity of
LOX-1 in intact cells, suggesting that they can rapidly
cross the plasma membranes, possibly through specific
polyamine channels. How this transport can contribute
to the modulation of intracellular LOX activity remains
to be elucidated.

IV. Concluding Remarks

Activation of different LOX isozymes has been shown
to be associated with an early phase of apoptosis trig-
gered by several, unrelated stimuli. Consistently, the
hydro(pero)xides generated by LOX activity have been
shown to induce programmed cell death in different
cellular models through a series of events including
membrane lipid peroxidation and mitochondrial un-
coupling, followed by cytochrome c release and cas-
pase activation. Of major interest is the observation
that animal and plant cells share a common signal
transduction pathway triggering apoptosis after oxida-
tive stress, based upon lipoxygenase activation, that
has been conserved through evolution. In addition, ev-
idence has been reviewed that the chain-breaking an-
tioxidants ascorbic acid, 6-palmitoylascorbic acid, and
trolox act as competitive inhibitors of soybean LOX-1.
Also natural polyamines have been shown to bind to the
enzyme-substrate complex only, leading to uncompeti-
tive inhibition of LOX-1. Taken together, these findings
support the hypothesis that lipid peroxidation might be
prevented by antioxidants or polyamines through a di-
rect inhibition of LOX-1. These results also seem to
have physiological significance in the light of the nu-
tritional value of many of the LOX inhibitors (Demmig-
Adams and Adams, 2002), which may retard cell age-
ing by preventing cell death.
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Summary

Both endogenous and exogenous factors are involved in modulating and coordinating gene expression during plant
development. Among them are light and plant hormones such as ethylene, cytokinins, abscisic acid, gibberellins,
and brassinosteroids. Light and brassinosteroids have received particular attention because of their obvious and
pronounced effects on early plant development following seed germination. By contrast, much less is known about
the terminal stage of plant development referred to as senescence and the factors controlling this cell death program.
Plant hormones such as ethylene and jasmonic acid have, however, been implicated in the initiation and progression
of leaf senescence.

At all stages of their life cycle, plants are prone to various forms of oxidative stress. Upon illumination, excited
tetrapyrroles such as chlorophyll, heme, and their precursors as well as degradation products can transfer their
excitation energy onto oxygen, leading to the formation of highly reactive singlet oxygen. Angiosperms being the
most highly evolved group of plants must have evolved efficient strategies to prevent the accumulation of such
potentially harmful compounds. It is the aim of this chapter to summarize current concepts on the regulation of
plant gene expression by light and the plant hormone jasmonic acid, with particular emphasis on the mechanisms by
which higher plants prevent photooxidative self-poisoning. Special reference is made to the plastid compartment,
which is the major site of tetrapyrrole metabolism and a source of signals that coordinate nuclear gene expression
in response to light.

I. Introduction

As an environmental cue, light influences plant growth
and development. Direction, periodicity, quality, and/or
quantity of light regulate physiological responses such
as phototropism, circadian rhythms, morphogenesis,
and leaf senescence (Kendrick and Kronenberg, 1994).
To account for some or all of these different effects,
light perception is mediated through the action of

Abbreviations: ACD – accelerated cell death; 5-ALA – 5-aminolevulinic acid; bHLH – basic helix-loop-helix transcription factor;
BIN – brassinosteroid-insensitive; BL – brassinolide; BR – brassinosteroid; BRI – brassinosteroid-insensitive; Chlase – chlorophyllase;
Chl(ide) – chlorophyll(ide); COI – coronatine-insensitive; COP – constitutive photomorphogenic; CRY – cryptochrome; DET –
de-etiolated; ELIP – early light-inducible protein; FAD – fatty acid desaturase; FLU – fluorescent; GUN – genome-uncoupled; HIR –
high-irradiance response; HR – hypersensitive response; JA(-Me) – jasmonic acid (methyl ester); LAF – long after far red light; LHCII –
light-harvesting chlorophyll a/b binding protein of photosystem II; LHPP – light-harvesting POR (NADPH:protochlorophyllide
oxidoreductase) protochlorophyllide complex; LLS – lethal leaf spot; LSD – lesion-simulating disease; NCC – non-fluorescent chloro-
phyll catabolite; Pao – phaeophorbide a oxygenase; PCD – programmed cell death; P�B – phytochromobilin; Pheide – phaeophorbide;
PHY or phy – phytochrome; PIF3 – phytochrome-interacting factor 3; PKS1 – phytochrome kinase substrate 1; PLB – prolamellar
body; POR – NADPH:protochlorophyllide oxidoreductase; PQ – plastoquinone; Pr/Pfr – red light/far red light-absorbing form of
phytochrome; Proto (gen)IX – protoporphyrin(ogen) IX; PS – photosystem; RCC – red chlorophyll catabolite; RCD – radical-induced
cell death; ROS – reactive oxygen species; SA – salicylic acid; SAG(s) – senescence-associated gene(s); SARK – senescence-associated
receptor-like kinase; SIRK – senescence-induced receptor-like kinase; THI – thionin.

various photoreceptors, including phototropins, cryp-
tochromes, and the phytochromes (Cashmore, 1999;
Casal, 2000; Christie and Briggs, 2001; Nagy and
Schaefer, 2002; Quail, 2002a). Expression of sev-
eral thousand genes is regulated by light and multi-
ple, highly coordinated signal transduction pathways
exist which, in many cases, involve sets of differ-
ent photoreceptors. In addition, plant hormones such
as brassinosteroids regulate gene expression during
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post-germination seedling development (see Altmann,
1999; Friedrichsen and Chory, 2001; Bishop and
Koncz, 2002). Major signaling events involved in pho-
tomorphogenesis include light-dependent conforma-
tional changes in the phytochrome holoprotein, translo-
cation of phytochrome to the nucleus and its binding
to transcription factors, and transcription of photosyn-
thetic genes. Coupled with these events, the degrada-
tion of positively acting intermediates is an important
process whereby photomorphogenesis is repressed in
the dark (Schaefer and Bowler, 2002; Fankhauser and
Staiger, 2002).

Phytochrome is a chromoprotein that contains a lin-
ear tetrapyrrole chromophore called phytochromobilin
(P�B). Phytochromobilin is synthesized via the C5-
pathway (Beale and Weinstein, 1990; von Wettstein
et al., 1995; S. Reinbothe and C. Reinbothe, 1996b;
Suzuki et al., 1997) from glutamate and leads to the
formation of protoporphyrin IX. At this intermediate,
the C5-pathway bifurcates into a Mg branch giving rise
to chlorophyll Chl a and Chl b, and a Fe branch leading
to heme and P�B.

In angiosperms, Chl biosynthesis is strictly de-
pendent on light (Granick, 1950). The only known
step in Chl biosynthesis is catalyzed by the
NADPH:protochlorophyllide (Pchlide) oxidoreductase
(POR) (W.T. Griffiths, 1975, 1978; Apel et al., 1980). In
etiolated plants, two isoforms of POR, termed PORA
and PORB (Holtorf et al., 1995), establish a light-
harvesting POR:Pchlide protein complex (LHPP) that
is embedded into the prolamellar body of etioplasts
(C. Reinbothe et al., 1999, 2003b,c; S. Reinbothe et al.,
2003a). Etioplasts represent progenitors of the pho-
tosynthetically active chloroplast (Kirk and Tilney-
Basset, 1978). Upon light perception, chlorophyllide
(Chlide) a is made, and Chl a is assembled into
the photosynthetic membrane complexes. Seedling de-
etiolation can occur over a large range of different light
intensities, including those available in the soil or un-
der fallen leaves, while LHPP confers photoprotection
to the plant (C. Reinbothe et al., 1999; Willows, 1999).
Excess light energy is dissipated in the bulk of non-
photoreducible Pchlide. The biosynthesis of Pchlide
and its subsequent binding to LHPP is tightly controlled
in time and space, and is subject to feedback inhibition
in etiolated plants (Beale and Weinstein, 1990; Beale
1999). The inhibition of Pchlide production is released
only when etiolated plants are exposed to light. Si-
multaneously, LHPP disintegrates and its protein con-
stituents are degraded by plastid proteases (Kay and
W.T. Griffiths, 1983; Häuser et al., 1984; S. Reinbothe
at al., 1995a-c; C. Reinbothe et al., 1995d). Chloro-

phyllide a and Chlide b are in turn released and tran-
siently bound to water-soluble chlorophyll proteins,
thus ensuring that potentially phototoxic pigments are
not present in free, excitable forms. In the final step,
Chlides are esterified to Chl a and Chl b and assem-
bled with the plastid- and nucleus-encoded Chl binding
proteins into the photosynthetic membrane complexes.

During leaf senescence, plants encounter the chal-
lenge of having to sequester their potentially phototoxic
Chls (Takamiya et al., 2000). Chlorophyll turnover is,
in fact, a major aspect of chloroplast destruction during
leaf senescence (S. Yoshida et al., 2003; H. Thomas
et al., 2003). Interestingly, plant hormones such as
jasmonic acid (JA) and ethylene have been reported
to induce chlorophyllase (Chlase), one of the first
enzymes involved in Chl breakdown (Benedetti et al.,
1998; Jacobs-Wilk et al., 1999; Tsuchiya et al., 1999),
and several key genes normally activated during leaf
senescence (Semdner and Parthier, 1993; C. Reinbothe
and S. Reinbothe, 1996a). The resulting Chlide is
converted into linear products, one of which has been
identified as the so-called red chlorophyll catabolite
(RCC; Hörtensteiner et al., 1995). In a lesion mimic
mutant of Arabidopsis thaliana, the gene encoding
RCC reductase, which converts RCC to smaller,
fluorescent products, was found to be defective (Mach
et al., 2001). As a result of accumulation of free RCC or
earlier break-down products, cell death occurred (Mach
et al., 2001). Studies on targeted gene disruption and
regulated expression of uroporphyrinogen III decar-
boxylase (G. Hu et al., 1998), coprophorphyrinogen III
oxidase (Ishikawa et al., 2001), and protoporphyrino-
gen oxidase (Molina et al., 1999) emphasize that
tetrapyrrole synthesis and degradation need to be tighty
controlled during the entire plant life cycle. It is the aim
of the following sections to highlight the various prin-
ciples that coordinate photosynthetic gene expression
in relation to tetrapyrrole pigment metabolism during
plant development.

II. Control of Photosynthetic Gene
Expression during Seedling Etiolation
and De-etiolation

A. Skotomorphogenesis and
Photomorphogenesis as Alternative
Developmental Strategies to Adapt to the
Light Environment

Plant development can proceed in two fundamentally
different ways. In the presence of light, plants undergo



336 Christiane Reinbothe and Steffen Reinbothe

a series of temporally and spatially coordinated
changes known as photomorphogenesis (Kendrick and
Kronenberg, 1994). During this process leaves expand,
stems undergo radial enlargement, pigments accumu-
late within developing chloroplasts, and numerous
metabolic processes associated with photosynthetically
competent cells become operational (Ma et al., 2001;
Tepperman et al., 2001; Schroeder et al., 2002). In the
absence of light, a radically different growth pattern
is triggered, called skotomorphogenesis. Dark-grown
seedlings display an apical hook, closed and unex-
panded cotyledons, and elongated hypocotyls. Dark-
grown angiosperm seedlings are devoid of Chl and
are incapable of photosynthetic function (Kendrick and
Kronenberg, 1994). If left to grow in the dark, they will
eventually die. However, upon emergence from the soil
or from underneath fallen leaves, the seedlings undergo
de-etiolation, i.e. cotyledons open, expand, and begin
to photosynthesize. At the same time, hypocotyl elon-
gation is inhibited and cell differentiation is initiated in
vegetative meristems. Proplastids present in leaf meris-
tems differentiate into other forms such as etioplasts
produced in dark-grown plants or chloroplasts in plants
undergoing photomorphogenesis. Etioplasts transform
into chloroplasts once the seedling de-etiolates (Virgin
et al., 1963; Kahn, 1968; Kahn et al., 1970; Kirk and
Tiley-Basset, 1978).

B. Phytochrome Action on Photosynthetic
Genes

In plants, light-dependent responses are controlled by
the concerted action of at least three types of photo-
receptors—the red- and far red-light-absorbing phy-
tochromes, the blue light-absorbing cryptochromes,
and the blue light-absorbing phototropins (Quail,
2002a,b).

Phytochrome is presumably the best-characterized
photoreceptor. It represents a chromoprotein that con-
sists of the plastid-derived chromophore P�B and
a nucleus-encoded apoprotein (Fig. 1). Phytochrome
apoproteins are typically encoded by a small fam-
ily of genes, e.g. designated as PHYA-PHYE in Ara-
bidopsis (Møller et al., 2002; Nagy and Schäfer,
2002; Quail, 2002a,b). They are assembled into their
pigment-complexed homodimeric forms in the cy-
tosol where the chromophore is covalently bound to
the N-terminal half of each monomer (Montgomery
and Lagarias, 2002). Phytochromobilin, synthesized
within the chloroplast, must be exported to permit
phytochrome assembly. Dimerization domains are lo-
cated within the C-terminal half of the phytochrome
apoprotein, as are other domains involved in the acti-
vation of signal transduction (Quail et al., 1995; Quail,
2002a).

Each phytochrome can exist in two photo-
interconvertible conformations: a red light-absorbing
form denoted Pr and a far red light-absorbing form de-
noted Pfr (Fig. 1A and B). In the dark, de novo synthe-
sized phytochrome is present in the Pr form. It is con-
verted to Pfr in sunlight that contains a relatively larger
proportion of red versus far red light (H. Smith, 1982).
A fraction of Arabidopsis Pfr, in turn, translocates to the
nucleus (summarized in Nagy and Schaefer, 2002), im-
plicating signal transduction pathways coupling phy-
tochrome action directly to nuclear gene activation.
However, biochemical and pharmacological studies
have revealed the operation of cytosolic signal trans-
duction pathways as well, involving G-proteins, cGMP,
calcium, and calmodulin (e.g. Shacklock et al., 1992;
Bowler et al., 1994). Reverse genetic approaches have
confirmed that G-proteins (Okamoto et al., 2001) and a
cytoplasmically-localized calcium-binding protein act
as negative regulators of phyA and cryptochrome re-
sponses (Guo et al., 2001).

−→
Fig. 1. (Figure is on the following page) Structural domains and spectral properties of phytochromes. A, Biosynthetic pathway of the
phytochrome chromophore. Intermediates are given in upper case letters. Enzymes are indicated in italics, and their Arabidopsis genes
highlighted. Note that chromophore binding is autocatalytic, it requires phytochromes bilin lyase domain; phytochromes also possess
P�B isomerase activity. The arrow indicates the site of chromophore attachment to a cysteine in the bilin lyase domain. B, Absorption
of red light triggers a Z to E isomerization in the C15 double bond between the C and D rings as indicated. The absorption spectra of Pr
and Pfr are indicated. C, Structural domains of prokaryotic and plant phytochromes. Phytochrome consists of a photosensory domain
and a regulatory out-put domain. The photosensory domain comprises four sub-domains called P1-4, whereas the regulatory out-put
domain comprises four sub-domains designated R1-4. PAS is the acronym from the founding members of this protein domain (PER,
period clock protein/ARNT, aromatic hydrocarbon receptor nuclear translocator/SIM, single minded protein). Cph1, Cyanobacterial
phytochrome 1 from Synechocystis sp. PCC6803; RcaE, Regulator of chromatic adaptation E from Fremyella diplosiphon; Bph1,
Bacteriophytochrome 1 from Deinococcus radiodurans; Ppr, PYP-phytochrome-related from Rhodospirillum centenum. Modified
after Fankhauser (2001); with kind permission of Christian Fankhauser, Université de Genève, Geneva, Switzerland.
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Genetic screens have led to the identification of at
least two major mutant classes that are impaired in phy
signaling:

(i) mutants that are insensitive to light and
(ii) mutants that display constitutive photomorpho-

genesis in darkness (see Møller et al., 2002, for
a review).

The most severe white light-insensitive mutants are the
long hypocotyl, hy, mutants. They include true photore-
ceptor mutants, in which P�B synthesis is perturbed
(Davis et al., 1999; Muramato et al., 1999; Kohchi et al.,
2001), and phytochrome apoprotein mutants that are
no longer capable of expressing one or the other form
of the phytochrome apoprotein. For example, hy1 was
found to lack heme oxygenase that converts heme to
biliverdin IXα (Davis et al., 1999; Muramato et al.,
1999), whereas hy2 lacked 3Z-phytochromobilin syn-
thase (alternatively named biliverdin reductase; Kohchi
et al., 2001) (Fig. 1A). By contrast, hy3 and hy8 are defi-
cient in the PHYB and PHYA apoproteins, respectively
(Reed et al., 1993; Whitelam et al., 1993).

Hy5 is a signal transduction mutant. The hy5 gene en-
codes a bZIP transcription factor (Oyama et al., 1997)
that affects both phyA and phyB signaling. The severity
of the hy5 mutant demonstrates that the HY5 protein
plays a key role in the control of photomorphogenesis,
whereas other mutants may be specifically impaired
in either phyA or phyB signaling (Møller et al., 2002;
Nagy and Schäfer, 2002; Quail, 2002a).

Most other phyA signalling mutants are defective
in genes encoding nuclear-localized proteins, such as
FHY1, FHY3, SPA1, FAR1, LAF1, and EID1 (see
Møller et al., 2002; Nagy and Schäfer, 2002). An ex-
ception to the rule appears to be PKS1, phytochrome
kinase substrate 1, that is a constitutive cytoplasmic
protein of unknown function (Fankhauser et al., 1999).

PKS1 as well as cryptochromes (CRY) 1 and 2 are
substrates for in vitro phosphorylation by oat phyA.
Within the C-terminal half of phytochrome, two re-
gions have been identified that share similarity with
bacterial histidine kinases operating as part of two
component signaling systems (Quail, 2000; 2002a,b)
(Fig. 1C). In bacterial phytochromes, the sensory his-
tidine kinase domain autophosphorylates and relays
a phosphor group to an aspartate residue of a re-
sponse regulator that may be a transcriptional activator
(Montgomery and Lagarias, 2002).

Phytochrome-interacting factor 3 (PIF3) is another
interesting example of a putative signaling component
(Quail, 2002a,b). It belongs to the family of basic

helix–loop–helix (bHLH) transcription factors capa-
ble of binding to G-box promoter elements of light-
regulated genes (Martinez-Garcia et al., 2000; Quail,
2000). As a major implication of this important find-
ing, direct signaling pathways can be envisioned that
could involve nuclear-localized Pfr and PIF3. Further-
more, phytochrome/PIF3 interactions were found to
be red/far red light-reversible and only occurred when
phytochrome was present in its Pfr form (Ni et al.,
1999). Given that PIF3 can also bind to the G-boxes
within the promoters of the LHY and CCA1 genes
(Martinez-Garcia et al., 2000), which encode Myb tran-
scription factors, a role of PIF3 in controlling circadian
rhythms has been proposed as well (Quail, 2000).

The second major mutant class comprises so-called
de-etiolated (det), constitutively photomorphogenetic
(cop), and fusca mutants. Eleven loci have been as-
signed to this large mutant class (det1, cop1, cop8,
cop9, cop10, cop11, cop16, fus5, fus8, fus11, and
fus12) (Hardtke and Deng, 2000). The phenotypes of
these mutants indicate that these genes encode negative
regulators of light signaling.

Considerable progress has been made towards deci-
phering the actual functions of many det, cop, and fus
genes. A particularly interesting case is DET1. This
protein was proposed to operate as a chromatin re-
modelling factor (Benvenuto et al., 2002). Like other
cop/fus mutants, plants defective in DET1 display con-
stitutive de-etiolation in darkness, implying that DET1
may play a role in the repression of light-inducible
genes (Quail, 2002a). DET1 binds to nucleosome core
particles via an interaction with the N-terminal tail of
histone H2B (Benvenuto et al., 2002). Furthermore,
DET1 is part of a larger complex containing UV–
DDB1, which - in animal cells - is part of histone acetyl-
transferase complex (Schroeder et al., 2002). DET1
binds preferentially to non-acetylated H2B tails of
light-inducible genes and is subsequently displaced by
a light-dependent acetylation of the histone tails, thus
permitting gene expression (Benvenuto et al., 2002).

Eight of the 11 cop/det/fus mutants are defective in
components of the COP9 signalosome (Hardtke and
Deng, 2000). Sequence analyses of its core subunits
and associated proteins have unraveled their evolution-
ary relationship to the lid subcomplex of the 19S regu-
latory particle of the 26S proteasome, which degrades
polyubiquitinated proteins (Hardtke and Deng, 2000).
A role of the COP9 signalosome in the degradation of
positive regulators of photomorphogenesis in the dark
and negative regulators in the light is thus conceiv-
able (Hardtke and Deng, 2000). Additional roles of the
COP9 signalosome in auxin responses and pathogen
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defense have been proposed, explaining the pleiotropic
character of most COP9-defective plants (Schwech-
heimer et al., 2001; Azevedo et al., 2002; Hellmann
and Estelle, 2002).

The COP1 and COP10 proteins are not intrinsic com-
ponents of the COP9 signalosome, but may play supple-
mentary roles in regulating protein turnover (Hardtke
and Deng, 2000; Hellmann and Estelle, 2002; Suzuki
et al., 2002). Interestingly, COP10 resembles ubiquitin-
conjugating E2 enzymes (Suzuki et al., 2002), whereas
COP1 is similar to E3 ubiquitin ligases (Hardtke and
Deng, 2000). Potential targets of COP1 have been iden-
tified (Hardtke and Deng, 2000) and include putative
transcription factors (e.g. Holm et al., 2002) as well as
CRY1 and CRY2 (Ahmad et al., 1998; H. Wang et al.,
2001; H.Q. Yang et al., 2001).

C. Chlorophyll Biosynthesis

1. Steps, Intermediates, Enzymes

Chlorophyll and heme needed for the assembly and
function of the photosynthetic apparatus are synthe-
sized via the C5-pathway that is well established in most
organisms (Beale and Weinstein, 1990; von Wettstein
et al., 1995; S. Reinbothe and C. Reinbothe, 1996b;
Suzuki et al., 1997) (Fig. 2). In higher plants and algae,
the C5-pathway takes place in the chloroplast and in-
volves both soluble and membrane-associated enzymes
(Beale and Weinstein, 1990).

Tetrapyrrole synthesis is regulated by light, primar-
ily at two points in the C5-pathway: the synthesis of
5-aminolevulinic acid (5-ALA) and the reduction of
Pchlide to Chlide (S. Reinbothe and C. Reinbothe,
1996b; S. Reinbothe et al. 1996a). 5-Aminolevulinic
acid is the first committed precursor of all tetrapyrroles
in plants and its synthesis is generally accepted to be
rate-limiting (Beale and Weinstein, 1990). In plants,
5-ALA formation requires the coordinated actions of
glutamyl-tRNA synthetase, glutamyl–tRNA reductase,
and glutamate-semialdehyde amino transferase, and
appears to be regulated by a combination of factors in-
cluding de novo enzyme synthesis and turnover (Beale,
1990), feedback inhibition by both heme and Pchlide
(Beale, 1990; Beale and Weinstein, 1990; see below),
and phytochrome (Huang et al., 1989). Porphobilino-
gen deaminase, 5-ALA dehydratase, coproporphyrino-
gen oxidase, and other enzymes catalyzing common
steps of Chl and heme biosynthesis are presumed to
be present at levels that are not rate limiting (Granick,
1950). However, their abundance and activity may be
under the regulation of light quality and quantity, cell

type, and age of the plant (A.G. Smith, 1986; Boese
et al., 1991; Spano and Timko, 1991; Witty et al., 1993).

2. Regulation of the C5-Pathway

a. Feedback Inhibition of 5-Aminolevulinic
Acid Synthesis in Angiosperms

In dark-grown angiosperms, Chl synthesis leads only
to the formation of Pchlide, the immediate precur-
sor of Chlide. Once a critical level of Pchlide has
been reached, 5-ALA synthesis is rapidly switched off
(Granick, 1950). Only after illumination, when Pch-
lide has been photoreduced to Chlide by virtue of the
NADPH:Pchlide oxidoreductase (POR), does 5-ALA
synthesis resume (S. Reinbothe et al., 1996a). Feed-
back control of Chl biosynthesis has been attributed to
inhibition of 5-ALA synthesis. In analogy to its regu-
latory role in animals and yeast (Andrew et al., 1990;
Labbe-Bois et al., 1990), heme has been proposed to act
as a feedback inhibitor in plants as well (Pontoppidan
and Kannangara, 1994).

Using a genetic approach, Meskauskine et al. (2001)
identified an additional factor involved in the control of
tetrapyrrole biosynthesis in Arabidopsis. They demon-
strated that a negative regulator of tetrapyrrole biosyn-
thesis exists, termed FLU (FLUORESCENT), which
operates independently of heme and selectively af-
fects only the Mg2+ branch of the C5-pathway. FLU
is a nuclear-encoded plastid protein that, after im-
port and processing, becomes tightly associated with
plastid membranes. It is unrelated to any of the en-
zymes known to be involved in tetrapyrrole biosynthe-
sis. Its predicted features suggest that FLU may medi-
ate its regulatory effect through direct interaction with
glutamyl-tRNA reductase (Meskauskine et al., 2001).
A tetratrico-peptide repeat motif was identified that me-
diates protein-protein interactions in yeast two-hybrid
screens (Meskauskine et al., 2002).

Recent work has shown that mutations in ortholo-
gous flu loci in barley give rise to tigrina phenotypes,
comprising alternate necrotic and green leaf sections
(Lee et al., 2003). In monocotyledonous plant species,
leaf growth occurs via cell division at the leaf base fol-
lowed by differentiation of tissues in the older parts. Ex-
cess Pchlide that accumulates in newly-formed tissues
in the dark triggers photooxidative pigment bleaching
during subsequent light periods if plants are grown in
dark/light cycles. In tissues differentiated in the pres-
ence of light, no photooxidative damage occurs because
Pchlide is continuously photoreduced to Chlide by POR
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Fig. 2. The C5-pathway of tetrapyrrole synthesis. Intermediates and enzymes are highlighted in upper case letters and italics,
respectively.

and converted to Chl (Gough and Kannangara, 1979;
Casadoro et al., 1983).

In a recent report, another factor was described that
negatively regulates the chlorophyll biosynthetic path-
way in Arabidopsis thaliana (Huq et al., 2004). This
factor is a bHLH transcriptional regulator related to
the previously discussed phytochrome-interacting fac-
tor PIF3. It was proposed that PIF1 represses the ex-
pression of key enzymes operating in the C5-pathway
in the dark and that this activity would be negatively
regulated by light (Huq et al., 2004). Because PIF1 does
not affect the expression of the FLU protein, additional
signaling intermediates must exist that allow the plant

to modulate the rate of chlorophyll biosynthesis in re-
sponse to environmental light conditions.

b. Light-Dependent Protochlorophyllide
Reduction Catalyzed by NADPH:
Protochlorophyllide Oxidoreductase

The second regulatory point in the Mg branch of the
C5-pathway occurs at the step of Pchlide reduction. In
angiosperms, Pchlide reduction is a light-dependent re-
action catalyzed by POR (W.T. Griffiths, 1975, 1978;
Apel et al., 1980) (Fig. 3). Both POR and its pigment
substrate Pchlide accumulate to high levels in the leaves
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Fig. 3. Reaction catalyzed by POR. POR catalyzes the only known light-dependent step of chlorophyll biosynthesis in angiosperms,
the region- and stereo-specific reduction of Pchlide to Chlide. NADPH is consumed and a hydrid transferred onto ring D of the
macrocycle. A conserved Tyr, Tyr275 in case of the pea enzyme, then donates a proton to give rise to the fully saturated carbon-carbon
bond.

of dark-grown plants (Boardman, 1962). Dark-stable
Pchlide:NADPH:POR ternary complexes are poised
such that absorption of a photon by the pigment itself
leads to its immediate reduction resulting in the forma-
tion of Chlide a (see Lebedev and Timko, 1998, for a
review). Chlide a is subsequently esterified and further
modified to produce Chls a and b in conjunction with
the formation of functional photosynthetic membrane
complexes (reviewed by Sundqvist and Dahlin, 1997).

Eukaryotic POR is nuclear-encoded. It is synthe-
sized as a larger precursor polypeptide in the cy-
tosol (Apel, 1981). In etiolated angiosperms, POR
is localized primarily in the prolamellar body (PLB)
of etioplasts (Dehesh and Ryberg, 1985; Ryberg and
Dehesh, 1986; Shaw et al., 1985). In light-grown
seedlings, much smaller amounts of POR are found
(Forreiter et al., 1990; Barthélemy et al., 2000). De-
spite its light requirement for catalysis, POR activity
and level rapidly decrease as a result of proteolysis
(Forreiter et al., 1990). At a stage when Chl accumu-
lation reaches its maximum rate, apparently no POR
protein is detectable.

In angiosperms such as barley (Holtorf et al., 1995),
Arabidopsis (Armstrong et al., 1995; Oosawa et al.,
2000), tobacco (Masuda et al., 2002), and Amaranthus
tricolor (Iwamoto et al., 2001), as well as gymnosperms
such as pine species (Forreiter and Apel, 1993; Skinner
and Timko, 1998; Spano et al., 1992), POR gene fami-
lies were identified that encode highly conserved POR
polypeptides. PORA is a negatively light-regulated
POR enzyme whose level drops as a result of the effect
of light at the levels of transcription, mRNA stability,

and plastid protein import (S. Reinbothe et al., 1995a-c,
1996a). PORB, the second POR protein identified in
barley and Arabidopsis (Armstrong et al., 1995; Holtorf
et al., 1995), was found to be consitutively expressed
in dark-grown, illuminated, and light-adapted plants
(S. Reinbothe et al., 1996a). Recent studies have led to
the discovery of a third, positively light-regulated POR
enzyme, termed PORC (Oosawa et al., 2000; Su et al.,
2001; Pattanayak and Tripathy, 2002). Current work is
focused on the question of whether plants with mul-
tiple POR genes have evolved specialized PORs with
distinct biochemical and biophysical properties to per-
form unique functions during development or whether
all of the different PORs accomplish redundant roles
(Frick et al., 1995, 1999; Lebedev et al., 1995; Runge
et al., 1996; Sperling et al., 1997, 1998, 1999; Lebedev
and Timko, 1999; C. Reinbothe et al., 1999; Franck
et al., 2000).

3. LHPP (Light-harvesting POR:
protochlorophyllide complex) Provides the
Link between Skotomorphogenesis and
Photosynthesis of Higher Plants

a. Structural Components of LHPP

At least for dark-grown barley plants, PORA and
PORB have been demonstrated to have unique func-
tions. They structurally and functionally cooper-
ate in terms of larger light-harvesting POR:Pchlide
complexes (LHPP) in the prolamellar body of etioplasts
(C. Reinbothe et al., 1999; S. Reinbothe et al., 2003a; C.
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Fig. 4. A model of LHPP. LHPP is presumed to consist of two
isoforms of the photoenzyme NADPH:Pchlide oxidoreductase,
termed PORA (light grey circles) and PORB (dark-grey pen-
tagons), Pchlide b and Pchlide a, respectively, NADPH, as well
as galacto- and sulfolipids (not shown). All these constituents
are held together in ring-like structures comprising 5 PORA-
Pchlide b-NADPH ternary complexes and 1 PORB-Pchlide
a-NADPH complex in the prolamellar body of etioplasts. By
virtue of this organization, traces of light can be harnessed and
used for driving Chlide a synthesis (A), whereas excess light
energy is dissipated in the bulk of non-photoreducable Pchlide
b (B).

Reinbothe et al., 2003b,c) (Fig. 4). In several aspects,
LHPP resembles the major light-harvesting complex
of photosystem II, LHCII (Kühlbrandt et al., 1994).
By analogy to LHCII, that is composed of Chl a and
Chl b (Kühlbrandt et al., 1994), LHPP contains two
different types of pigments: Pchlide a and Pchlide b
(C. Reinbothe et al., 1999, 2003b; S. Reinbothe et al.,
2003a). However, in contrast to LHCII, these two pig-
ments are bound to two different polypeptides: Pch-
lide a to PORB and Pchlide b to PORA (C. Reinbothe
et al., 1999, 2003b; S. Reinbothe et al., 2003a). In
the case of LHCII, a single polypeptide chain is suf-
ficient to attain a three-dimensional structure capable
of accommodating both Chl a and Chl b (Kühlbrandt
et al., 1994). Monomeric LHCII further assembles into
trimers (Dreyfuss and Thornbeer, 1994). Energy trans-
fer between Chl b and Chl a can take place because
of the different energy contents and life times of their
excited states (Ide et al., 1987; Palsson et al., 1994). Pre-
sumably for the same reasons, energy transfer is also
possible between Pchlide b and Pchlide a in LHPP and
the prolamellar body (J.H.C. Smith and Benitez, 1954;
Kahn et al., 1970; Mathis and Sauer, 1972; Vaughan
and Sauer, 1974; Ignatov and Litvin, 1981; Fradkin
et al., 1993). The native LHPP complex additionally
contains NADPH as well as galacto- and sulfolipids
that alter the spectral properties of bound pigments.
The absorption maximum is shifted from ca. 630 nm
to 650 nm (C. Reinbothe et al., 1999; S. Reinbothe et al.,
2003a). In this wavelength region of the spectrum, Pr
has its main absorption maximum as well (see Fig. 1),

and Pchlide a reduction and phytochrome action are
thus tied during seedling development.

Recent biophysical studies have highlighted addi-
tional intermediates in the assembly pathway of the
photosynthetically active thylakoid membrane com-
plexes. Kóta et al. (2002) reported gross alterations in
the secondary structure of membrane proteins affect-
ing conformation, composition, and dynamics of lipid
acyl chains as well as protein patterns. The authors
suggested that the greening process may be accom-
panied by major reorganization events affecting both
membrane protein assembly and the protein-lipid in-
terphase. These conclusions may not be unanticipated
because it is known that PORA and PORB, that are ma-
jor constituents of the prolamellar body of the etioplast,
undergo changes in their conformation (S. Reinbothe
et al., 1995a-c; C. Reinbothe et al., 1995d), which even-
tually leads to their degradation by plastid proteases
(see S. Reinbothe et al., 1996b, for a review). It was
proposed that Chlide a and Chlide b may bind to other
pigment carriers, such as the early light-inducible pro-
teins – ELIPs (Kloppstech et al., 1984; Grimm and
Kloppstech, 1987; Grimm et al., 1989; Adamska, 1997;
Adamska et al., 1999) or PsbS (Funk et al., 1995a,b;
Adamska et al., 1996), that belong to the same super-
family of light-harvesting proteins as LHCII and dis-
play conserved pigment binding domains/sites (B.R.
Green et al., 1991; Jansson, 1994; B.R. Green and
Durnford, 1996). ELIP expression has been demon-
strated, for example, in light-exposed barley and pea
plants; the time point of accumulation is consistent with
a possible function in Chl(ide) storage. PsbS may also
be involved in the greening process because the pro-
tein is expressed in etiolated plants and remains active
in illuminated and green tissues (Funk et al., 1995a,b).
An ortholog of water-soluble chlorophyll proteins of
Brassicaceae (Satoh et al., 1998), that binds and se-
questers Chlide in a nonhazardous form, has been iden-
tified (C. Reinbothe et al., 2004a).

b. Developmental Expression of LHPP

PORA and PORB expression is subject to developmen-
tal control (Dehesh et al., 1983; Z.H. He et al., 1994;
Armstrong et al., 1995; Runge et al., 1996; Frick et al.,
1999; Ougham et al., 2001). In barley and Arabidopsis,
both POR genes are coordinately expressed during sko-
tomorphogenesis (Armstrong et al., 1995; Frick et al.,
1999). In monocotyledonous plant species, where leaf
development is determined by basipetal cell growth in
the leaf meristem and maturation of tissues in the older
parts (see above), PORA and PORB expression are ad-
justed to plastid development. Proplastids present in
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the leaf base differentiate into etioplasts which, in turn,
are transformed into chloroplasts in the presence of
light. Consistent with the idea that skotomorphogen-
esis may be a developmental strategy to prepare the
plant for light-harvesting, LHPP expression was found
to be maximal in the leaf tip of etiolated barley plants
whereas LHPP disintegrated upon light exposure (C.
Reinbothe et al., 2004b). In dicotyledonous species
such as Arabidopsis, a similar PORA and PORB ex-
pression pattern was observed (Armstrong et al., 1995)
and a LHPP-like complex has recently been resolved
(S. Reinbothe and C. Reinbothe, 2004).

Genetic and biochemical approaches have been used
to address the actual functions of PORA and PORB in
Arabidopsis. As a first approach, plants were grown un-
der continuous far red light. Classically, phytochrome
responses can be discerned by their wavelength and flu-
ence or fluence-rate (i.e., intensity) requirements into
three groups—very low fluence responses, low flu-
ence responses, and high irradiance responses (HIR)
(Shinomura et al., 2000; H. Smith, 2000; Nagy and
Schaefer, 2002). The HIR of etiolated plants is me-
diated by phyA. It leads to a complete suppression of
PORA gene expression (Runge et al., 1996). As a result,
Arabidopsis plants were produced which lacked PORA
transcript and PORA protein. Runge et al. (1996) ob-
served that such plants displayed a dramatically in-
creased light sensitivity during greening, as compared
to plants grown in darkness, and concluded that PORA
may be specifically needed for seedling de-etiolation.
Later studies showed that overexpression of the cDNA
encoding PORA leads to greater seedling survival rate
after growth in far red light as compared to the non-
transformed wild-type (Sperling, 1998; Sperling et al.,
1997). Because overexpression of PORB cDNA per-
mitted a better greening, it was proposed that PORA
and PORB may accomplish redundant roles during
seedling de-etiolation (Sperling et al., 1997, 1998,
1999). Apparently in line with this proposal are other
studies showing that antisense inhibition of PORA and
PORB expression results in abnormal etioplast devel-
opment (Franck et al., 2000).

A breakthrough towards an understanding of PORA
and PORB function during greening has recently been
achieved. Frick et al. (2003) isolated a double knock-
out mutant of Arabidopsis that lacks both PORB and
PORC because of interruptions in their corresponding
genes by a derivative of the maize Dissociation (Ds)
transposable element. PORC has been identified by se-
quence homology as a consequence of the Arabidopsis
genome project (Oosawa et al., 2000; Su et al., 2001;
Pattanayak and Tripathy, 2002). Unlike PORA and
PORB, PORC is expressed at barely detectable levels in

dark-grown plants and is positively light-regulated dur-
ing greening (Oosawa et al., 2000; Su et al., 2002; Frick
et al., 2003). The spatial expression pattern of PORC
appears similar to that of PORB in older seedlings and
adult plants (Armstrong et al., 1995; Frick et al., 2003).

The phenotype of the porB-porC double mutant pro-
vides the first, though indirect, evidence for a photopro-
tective role of PORA in light-dependent Chl biosynthe-
sis. Germinating porB-porC double mutants initially
resemble wild-type seedlings at a time point when
the wild type is known to transiently express PORA
(Armstrong et al., 1995), but thereafter developed first
chlorina and then xantha phenotypes as photomorpho-
genesis progressed and PORA expression was turned
off (Frick et al., 2003). PorB-porC double mutants also
suffered from a severe Chl a and almost complete
Chl b deficiency and established only low amounts
of thylakoid membrane stacking. Thus, PORA alone
appears to be insufficient to sustain normal greening,
but may play a major role in conferring photoprotec-
tion on PORB, as depicted by the LHPP model (see
C. Reinbothe et al., 1999; S. Reinbothe et al., 2003a).

The functions of PORB and PORC in green plants
have not been resolved. Unlike PORA, PORB and
PORC may play redundant roles in maintaining light-
dependent Chl biosynthesis in green plants (Frick
et al., 2003). Alternatively, they could cooperate during
growth and development. One possible scenario could
be that PORB and PORC together maintain Pchlide re-
duction capacity, perhaps by forming larger complexes
analogous to that of LHPP operating in etiolated plants
(C. Reinbothe et al., 1999, 2003b).

4. Evolution of Protochlorophyllide-Based
Light-Harvesting

Important clues concerning the evolution of Pchlide-
based light-harvesting have come from studies of Chl
biosynthesis mutants in cyanobacteria. Cyanobacteria,
as the presumed endosymbiotic progenitors of chloro-
plasts, contain POR (Rowe and W.T. Griffiths, 1995;
Suzuki and Bauer, 1995; Fujita et al., 1998) and addi-
tionally express a light-independent system for making
Chl, which is composed of three subunits called ChlL,
ChlN, and ChlB (Armstrong, 1998; Fujita et al., 1998).
Mutants lacking POR exhibit a greater light sensitivity
than the wild-type (Q. He et al., 1998), implying that
POR may confer photoprotection onto the ChlL,B,N
system. It has been proposed that ChlL, ChlB, and
ChlN arose from gene duplications of nitrogenase sub-
units that, in their extant forms, are known to be
oxygen-sensitive and to be rapidly inactivated if poised
with oxygen (Fay, 1992; Burke et al., 1993). It is
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therefore conceivable that POR evolved to shield the
Pchlide binding subunit of the ChlL,B,N system against
oxygen and thereby help prevent the formation of sin-
glet oxygen (S. Reinbothe et al., 1996b).

POR and ChlB,N,L coexist in gymnosperms
(Forreiter and Apel, 1990; Spano et al., 1992). Frick
et al. (2003) put forth the idea that the central role
of photosynthesis in plant metabolism may have pro-
vided the necessary evolutionary pressure to retain
more than one POR enzyme. While both Pchlide-
reducing systems were retained in gymnosperms, suc-
cessive loss of chlL, B, and N genes from the plastid
DNA of the engulfed endosymbionts could have ac-
companied the evolution of angiosperms. Less evolved
oxygenic photosynthetic organisms, such as the liver-
wort (Marchantia paleacea; Takio et al., 1998) and the
green alga Chlamydomonas reinhardtii (Li and Timko,
1996), possess only a single POR protein. These differ-
ences amongst oxygenic photosynthesizers in the POR
gene complement may be explained by species-specific
environmental adaptations to the selective pressures
encountered.

D. Plastid-Derived Factors Controlling
Photosynthetic Gene Expression in
Response to Light

Nuclear gene expression is controlled not only by light,
sensed via phytochrome and other photoreceptors, but
also by factors originating in the plastid (Oelmüller,
1989; Somanchi and Maxfield, 1999; Surpin et al.,
2002). The existence of such factors, that are often col-
lectively referred to as the plastid signal, was implied
from studies with inhibitors and mutants of carotenoid
biosynthesis. In either case, plants bleach upon high
irradiance and at the same time show decreased ex-
pression of nuclear photosynthetic genes (Surpin et al.,
2002).

1. Intermediates of the C5-Pathway

Recent evidence suggests the existence of at least two
independent retrograde signaling pathways originating
in the plastid that regulate the expression of photosyn-
thetic genes. In a genetic screen, genome uncoupled
(gun) mutants defective in nuclear-plastid crosstalk and
nuclear gene expression were identified (Susek et al.,
1993; Mochizuki et al., 2001). These mutants express
nuclear-encoded photosynthetic genes in the absence
of proper chloroplasts. Out of the 5 non-allelic gun
loci known to date, 3 encode enzymes involved in
tetrapyrrole synthesis: GUN2 encodes heme oxygenase
(allelic to HY1), GUN3 encodes phytochromobilin syn-

thase (allelic to HY2), and GUN5 encodes the H-subunit
of Mg-chelatase (Strand et al., 2003).

Mg-chelatase catalyzes the conversion of protopor-
phyrin (Proto) IX to Mg-ProtoIX. The enzyme is con-
served in plants and Rhodobacter capsulatus (Gibson
et al., 1996; Walker and Willows, 1997). Pioneering
work with Rhodobacter has allowed assigning func-
tions to its three subunits designated (b)ChlH, (b)ChlI,
and (b)ChlD, respectively. Accordingly, subunit H is
thought to bind Proto IX, whereas subunit I contains
an ATP-binding site (Gibson et al., 1996; Karger et al.,
2001).

Mutants deficient in the plant CHLH and CHLI
subunits of Mg-chelatase have been identified in
Antirrhinum majus (named olive; Hudson et al., 1993)
and Arabidopsis (named ch42; Koncz et al., 1990), re-
spectively. Unexpectedly, neither mutant type displayed
gun phenotypes, although they expressed reduced lev-
els of CHLI (Koncz et al., 1990; Hudson et al., 1993).
These findings invoke a role of the H-subunit of Mg-
chelatase in retrograde signaling. A possible mecha-
nism could involve establishment of a porphyrin relay
system that adapts nuclear photosynthetic gene expres-
sion to the need of Chl in the chloroplast (Strand et al.,
2003). A cis-regulatory element responsive to the Mg-
Proto IX-mediated signal has been identified in the pro-
moter of the light-reponsive LHCB1 gene (Strand et al.,
2003). This G-box (CUF1) element is distinct from
the GT-1 (G3M) motif operating in phy-mediated light
perception, thus highlighting the existence of multiple,
light-coordinated signaling pathways. Related CUF1
(CACGTA) elements are also present in the promoter
regions of 18 genes known to respond to the plastid sig-
nal as well as in an additional 24 light-regulated genes
(Strand et al., 2003).

In yet another exciting study, a genetic screen was
performed to identify phyA signaling mutants. Møller
et al. (2001) exploited the far-red light HIR of etiolated
plants mediated by phyA to screen Arabidopsis for
long after far red light treatment (laf ) phenotypes.
One of the identified mutant loci, laf6, encodes a pro-
tein related to ABC transporters. ABC transporters
are implicated in metabolite transport across mem-
branes (Holland and Blight, 1999; van den Brûle and
Smart, 2001). Møller et al. (2001) observed that laf6
plants accumulate ca. 2-fold higher levels of Proto IX
in their plastid envelope. Protoporphyrin IX is syn-
thesized from protoporphyrinogen (Protogen) IX by
virtue of Protogen IX oxidase that is plastid envelope-
bound (Matringe et al., 1992). These results may col-
lectively suggest an interaction between the LAF6
protein, Protogen IX oxidase, and the H-subunit of Mg-
chelatase in the crosstalk between the plastid and the
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nucleus. Protogen IX (Lehnen et al., 1990), Proto IX
(Matringe et al., 1992), and Mg-Proto IX, as well as
other intermediates and products of the C5-pathway
such as heme (J. Thomas and Weinstein, 1990) and
P�B (Terry and Lagarias, 1991), are known to be
exported from the plastid and could serve as plastid
signals.

2. Redox Components Associated with
Photosynthetic Electron Transport

A completely different retrograde signaling pathway
has been proposed in which the redox state of the
plastoquinone pool of the chloroplast may provide the
ultimate signal (Escoubas et al., 1995; Durnford and
Falkowski, 1997; Karpinski et al., 1997; Pfannschmidt
et al., 2001a,b). Pfannschmidt et al. (2001b) performed
experiments in which the authors modulated the redox
poise of the plastoquinone pool and measured photo-
synthetic gene expression. Promoter-ß-glucuronidase
constructs were prepared for four nucleus-encoded PS
I genes: PETH, PSAF, PSAD, and PETE. These con-
structs were expressed in transgenic tobacco lines un-
der different excitation pressures, i.e. illumination fa-
voring either excitation of PS I or excitation of PSII,
thereby affecting the PQ pool. Pfannschmidt et al.
(2001b) observed that the PSAF and PSAD promot-
ers exhibited higher activity in PS II than PS I light,
but there was no reduction after shifting the transgenic
lines from PS II to PS I light. The PETE promoter, like
the PSAF and PSAD promoters, had a higher activity
in PS II light compared with PS I light, but unlike the
other two promoters, it was inactivated by a PS II to
PS I shift. By contrast, the PETH promoter had sim-
ilar activities under all applied light regimens. Addi-
tional experiments using electron transport inhibitors
such as DCMU inhibiting electron flow from PS II to
PQ, and DBMIB (2,5-dibromo-3-methyl-6-isopropyl-
p-benzoquinone) blocking electron flow from plasto-
quinol to PS I, revealed that the PSAD and PSAF pro-
moters respond to redox signals that originate between
the PQ pool and PS I, or to electron transport capacity in
general. Because DBMIB prevented the PS I-induced
repression of PETE, it was suggested that the redox sta-
tus of the PQ pool regulated this promoter. By contrast,
Pursiheimo et al. (2001) provided evidence that LHCII
kinase, and not the PQ pool, may be the primary redox
sensor marking the beginning of a signaling cascade
to the nucleus. The authors hypothesized that activa-
tion/inactivation of the LHCII kinase may occur via
a “second loop” of redox regulation involving the cy-
tochrome b6 f complex and the ferredoxin/thioredoxin
system (Rintamäki et al., 2000). Thus, regulation of

LHCB transcription may not be under direct control of
the redox state of the PQ pool but may be mediated by
LHCII kinase.

E. Brassinosteroids as Factors Controling
Morphogenesis

Brassinosteroids (BR) are key components in the con-
trol of seedling development after germination. As
polyhydroxylated sterols, they are derived from the
membrane sterol campesterol through a series of reduc-
tions, hydroxylations, epimerizations, and oxidations
(see Clouse and Sasse, 1998; Altmann, 1999; Bishop
and Yokota, 2001; Bishop and Koncz, 2002). There are
two major branch points of the pathway termed early
and late C-oxidation pathways that later converge to
produce the end product brassinolide (BL).

Mutants that are either deficient in BR synthesis
or BR signal transduction have been isolated. All BR
mutants look de-etiolated in the dark and have short
hypocotyls and open cotyledons (Kauschmann et al.,
1996; Li et al., 1996; Szekeres et al., 1996; Li and
Chory, 1997). In white light, these mutants are dark-
green dwarfs with epinastic (curled down) leaves, re-
duced apical dominance, reduced fertility, and delayed
senescence.

Det2 was one of the first det mutants character-
ized (Chory et al., 1991). Later studies showed that
it is blocked in an early step of BL synthesis, lead-
ing from campesterol to campestanol (Li et al., 1996,
1997; Noguchi et al., 1999). As a result, cell elongation
and growth of det2 seedlings was drastically reduced,
giving rise to the observed dwarf phenotype. As for
most BR-deficient mutants, supplementing BRs to the
growth medium rescued the growth inhibition of det2
to wild type (Li et al., 1996).

BR-insensitive (bri) mutants are defective in compo-
nents of BR signaling. Some of them have been isolated
and characterized in Arabidopsis (e.g., bri1, bin2) and
other plant species (summarized in Friedrichsen and
Chory, 2001; Bishop and Koncz, 2002). It was demon-
strated for example that BRI1 encodes for all or part
of the BR receptor. BRI1 consists of an extracellular
ligand-binding domain and an intracellular receptor ki-
nase domain (Li and Chory, 1997; Z.H. He et al., 2000;
M. Oh et al., 2000; Z.Y. Wang et al., 2001; Li and Nam,
2002; Yin et al., 2002). Upon BR binding, autophos-
phorylation and activation of the intracellular kinase
domain take place, which may be followed by phos-
phorylation of downstream components of the signal
transduction pathways (Kang et al., 2001).

What is the link between growth regulation by
BRs and light signaling? According to recent work,
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BRs appear to be connected to light signaling via
the BAS1 gene product. BAS1 regulates levels of ac-
tive BRs via C26-hydroxylation (Neff et al., 1999).
In addition, BL biosynthesis is probably also con-
trolled by direct interaction of cytochrome P450s with
signaling proteins. Kang et al. (2001) found that the
CYP92A6, a C-2 BR hydroxylase encoded by the
DDWF (DARK-INDUCED dwf-LIKE-1) gene, inter-
acts in the yeast two-hybrid system with the PRA2
light-repressible/dark-inducible small G protein. PRA2
is proposed to act as a connection between the light-
signaling and BR-biosynthesis pathways by stimulat-
ing DDWF activity in the endoplasmic reticulum, lead-
ing to greater BL production and etiolation in the dark.

The dwarf phenotypes of BR-deficient and insensi-
tive mutants reveal that BRs are essential for cell elon-
gation (Y.X. Hu et al., 2000; Friedrichsen and Chory,
2001; Clouse, 2002). In plants, cell expansion requires
coordination between changes in cell wall properties,
synthesis and transport of new membrane and wall
materials, as well as maintenance of osmotic poten-
tial (Taiz and Zeiger, 1991). The influx of water is the
driving force for cell expansion, reducing the osmotic
potential, which, in turn, is re-established by solute up-
take into the cytoplasm and into the central vacuole.
Based on these aspects it is not surprising that 7 of
the BR-induced genes identified thus far encode cell
wall-modifying enzymes (Yin et al., 2002). Their lack
of expression in BR-deficient plants explains why cell
elongation proceeds improperly. In addition, DET3 has
been shown to encode subunit C of the vacuolar H+–
ATPase (V-ATPase) (Schumacher et al., 1999). In eu-
karyotic cells, V-ATPases play central roles because
of their primary function in the acidification of en-
domembrane compartments. Given that the V-ATPase
(together with the H+–pyrophosphatase) drives solute
uptake into the vacuole, its de-regulation – as found
in det3 plants – further adds to the understanding of
the observed cell expansion/elongation defects in det
mutant plants (Schumacher et al., 1999).

III. Photosynthetic Gene Expression
during Leaf Senescence

A. Leaf Senescence as a Developmental
Program

The final stage of leaf development is senescence. It
is characterized by the mobilization of nutrients from
the leaf to sink tissues (Bleecker and Patterson, 1997).
Leaf senescence is an active process that involves the

coordinate expression of mRNAs, proteins, and other
metabolic activities. It ultimately leads to the controlled
destruction of chloroplasts and mitochondria, nuclear
fragmentation, and chromatin decondensation, and ter-
minates in cell death (for recent reviews, see Bleecker
and Patterson, 1997; Buchanan-Wollaston, 1997; Nam,
1997; Weaver et al., 1997; H. Thomas et al., 2003; S.
Yoshida, 2003; Lin and Wu, 2004). In the early stage
of senescence, most of the changes occurring at the
gene expression level are reversible. However, once a
critical stage has been reached, senescence becomes
irreversible. This “point of no return” defines the ter-
minal stage of leaf senescence.

Experimentally, leaf senescence can be induced by
different mechanisms referred to as age-associated
senescence, dark-induced senescence, and hormone-
induced senescence (Y. He et al., 2002; H. Thomas
et al., 2003; S. Yoshida, 2003). Age-associated senes-
cence is known to begin when leaf expansion is com-
plete (Mae et al., 1987; Hensel et al., 1993; Crafts-
Brandner et al., 1996). Its ultimate trigger has not yet
been identified. Changes in photosynthesis and im-
balanced source-to-sink relationships have been impli-
cated in senescence induction (Gepstein, 1988; Jiang
et al., 1993; Jiang and Rodermel, 1995). In line with this
view is the rapid senescence-inducing effect of long-
term darkness in many plant species. On the other hand,
indirect, phytohormone-dependent changes in the ex-
pression of some key signal molecules may be light-
controlled and lead to the induction of the senescence
program.

Previous studies indicate that many of the genes
that are induced during age-associated senescence (i.e.,
senescence occurring in leaves of non-stressed plants
progressing through normal stages of development) are
also induced by stresses and/or plant hormones (Azumi
and Watanabe, 1991; Hsieh et al., 1995; Stirpe et al.,
1996; Buchanan-Wollaston and Ainsworth, 1997; Park
et al., 1998; Weaver et al., 1998). It thus seems likely
that some of these genes function in both senescence
and stress responses.

Jasmonic acid and ethylene are senescence-
promoting as well as stress-related compounds
(Sembdner and Parthier, 1993; Creelman and Mullet,
1995, 1997; Hadfield and Bennett, 1997; Bleecker and
Kende, 2000; Ciardi and Klee, 2001; K.L.C. Wang
et al., 2002). Jasmonic acid is widespread in the plant
kingdom and accumulates transiently during both bi-
otic and abiotic stresses. It appears that JA operates at
many different levels, including early changes in pho-
tosynthetic gene expression in the nucleo-cytoplasmic
compartment and delayed changes in the chloroplast
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itself (S. Reinbothe et al., 1994a,b; C. Reinbothe and S.
Reinbothe, 1996a). Examples are the rapid polysomal
discrimination of photosynthetic mRNAs versus stress-
induced mRNAs occurring in methyl jasmonate (JA-
Me)-treated barley leaves (S. Reinbothe et al., 1993a,b)
and the delayed arrest of nuclear transcription and
translation of PS genes (S. Reinbothe et al., 1994a,b;
C. Reinbothe et al., 1997). JA-Me, the volatile methyl
ester of JA, is an important signaling compound in
local and systemic responses to stress and also in inter-
plant communication (Farmer and Ryan, 1990; Creel-
man and Mullet, 1995, 1997). In the plastid compart-
ment, early, JA-Me-induced changes in the processing
pattern of rbcL transcripts, encoding the large subunit
of ribulose-1,5-bisphosphate carboxylase/oxygenase,
lead to a rapid cessation of plastid protein synthesis
and cause a shut-down of photosynthesis (S. Reinbothe
et al., 1993c). In addition, a role of JA in cell death con-
tainment during stress, pathogen defense, and senes-
cence has been proposed (see section III.C.3.).

Ethylene has vital roles in many aspects of plant
growth and development and is also implicated in
plant responses to biotic and abiotic stresses, such as
wounding, heat, pathogen attack, and (O3). Ethylene
biosynthesis genes are present in large multigene fam-
ilies, individual members of which respond differen-
tially to developmental and environmental cues (K.L.C.
Wang et al., 2002). For example, it has been reported
that ozone (O3)-induced leaf damage is preceded by
a rapid increase in 1-aminocyclopropane-1-carboxylic
acid (ACC) synthase activity, ACC content, and ethy-
lene emission (Hadfield and Bennett, 1997; Lund et al.,
1998; Drew et al., 2000; Overmyer et al., 2000; Moeder
et al., 2002; Rao et al., 2002). Ethylene operates as a
positive regulator of ROS production and cell death
in compatible plant-bacteria interactions (Bent et al.,
1992; Alvarez et al., 1998). Evidence is accumulat-
ing that ethylene also plays a role in the regulation
of cell death in incompatible plant-pathogen interac-
tions (Ciardi et al., 2001; Ordog et al., 2002), and a
role of ethylene in the propagation of cell death during
senescence has been proposed (Overmyer et al., 2003).
In tomato, ethylene-receptor genes are induced in re-
sponse to O3 (Moeder et al., 2002), pathogen infection
(Ciardi et al., 2000), and JA (Schenk et al., 2000), sug-
gesting complex regulatory interactions between ethy-
lene and JA perception and signaling (Bleecker and
Kende, 2000; Ciardi and Klee, 2001). A possible sce-
nario is that JA restricts ethylene-dependent cell death
propagation by reducing ethylene-dependent ROS ac-
cumulation (Overmyer et al., 2003; see also section
III.C.3. for details).

B. Chloroplast Destruction Occurring
during Leaf Senescence

1. Breakdown of Plastid Proteins

The chloroplast is a major target of metabolic adjust-
ment because all of the chlorophyll and more than 70%
of leaf protein is found in this organelle. It is not ex-
actly known which proteases are involved in mobiliz-
ing the nitrogen contained within chloroplast proteins.
It has been discussed that proteins are either digested
in the plastid compartment or in the vacuole. Experi-
mental evidence supporting one or the other hypothe-
sis has been obtained. Proteolytic activities degrading
Rubisco as the most abundant plastid protein have been
localized in the vacuole (Miller and Huffaker, 1981;
Wittenbach et al., 1982; Thayer and Huffaker, 1984; T.
Yoshida and Minamikawa, 1996). Since the decrease
of Rubisco content is much faster than the decrease
in the number of chloroplasts in leaves during senes-
cence, it is unlikely that whole chloroplasts are taken up
into the vacuole, as originally proposed by Wittenbach
et al. (1982). Instead, the transport of Rubisco and/or
its degradation products in terms of small spherical
bodies through the cytoplasm to the vacuole were
demonstrated recently. These small spherical bodies
were named RBCs (Rubisco-containing bodies) and
shown to contain another stromal protein, glutamine
synthetase, but not thylakoid proteins (Chiba et al.,
2003). This shows that RBCs differ functionally from
the plastoglobuli that increase in number and size dur-
ing senescence and that were demonstrated to contain
thylakoid proteins (Guiamet et al., 1999). The concur-
rent export of proteins and chlorophyll derivates inside
plastoglobuli and their transport to vacuoles was pro-
posed by the same authors, but this hypothesis needs
further experimental support.

Chloroplasts contain several proteases such as mem-
bers of the stroma-localized Clp protease family and the
thylakoid-associated FtsH and DegP protease families.
Since most of the genes encoding Clp protease com-
ponents are expressed constitutively, these proteases
appear to serve housekeeping functions rather than spe-
cific roles during senescence (Nakabayashi et al., 1999;
Zheng et al., 2002; Lin and Wu, 2004). However, at
least ClpC1 as well as ClpD/ERD1 are up regulated
during dark-induced leaf senescence. One might spec-
ulate that these proteins could play regulatory roles in
the Clp protease complex during leaf senescence (Lin
and Wu, 2004).

The expression pattern of the thylakoid-associated
proteases FtsH and DegP is less well characterized.
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DegP1, 5, and 8 are localized on the luminal side of
the thylakoid membrane, making their function in the
degradation of luminal proteins likely (Adam et al.,
2001; Adam and Clarke, 2002). DegP2 was shown to
be responsible for the initial degradation of the D1 pro-
tein and is localized on the stromal side of the thy-
lakoid membrane (Haussuhl et al., 2001). FtsH is in-
volved in the degradation of photosynthetic proteins
(Chen et al., 2000; Takechi et al., 2000; Haussuhl
et al., 2001). Interestingly, two of the eight chloroplast
FtsH proteases and all four members of the DegP1
proteases were down regulated after prolonged dark
incubation, a treatment known to induce senescence
(Lin and Wu, 2004). By contrast, one protease belong-
ing to the family of Lon proteases was up-regulated
in response to dark treatment (Lin and Wu, 2004).
Other, recently discovered plastid proteases, such as
cysteine proteinase RD21A, SppA protease IV, and
protease HhoA (Kleffman et al., 2004), await further
investigation.

2. Degradation of Chlorophyll

Marked changes in leaf color occur every autumn.
About 1.2 billion tons of Chl are estimated to
be degraded globally each year, and the remain-
ing carotenoids and/or accumulated anthocyanins
turn leaves from green to yellow, orange, or red
(Hörtensteiner et al., 1999; Matile et al., 1999;
Takayami et al., 2000). The mechanism responsible for
the degreening of plants and the degradation of Chl
was unclear until recently. The identification of the in-
termediates and enzymes leading from Chl to the color-
less final end products of the C5-pathway has allowed
the construction of a basic pathway of Chl breakdown
(Fig. 5). It is established that Chl b first needs to be con-
verted to Chl a and that Chlase catalyzes the first com-
mitted step of Chl breakdown. Subsequently, the cen-
tral Mg2+ atom is removed from the tetrapyrrole ring
system by Mg dechelatase. The resulting phaeophor-
bide a is then cleaved and reduced to colorless, open
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tetrapyrrole compounds called nonfluorescent catabo-
lites (NCCs) (Fig. 5). After further modifications, these
compounds are transported to the vacuole. This degra-
dation pathway of Chl was elucidated via cloning of the
genes for different Chlase isoforms (Jacob-Wilk et al.,
1999; Tsuchiya et al., 1999), of phaeophorbide a oxy-
genase (Pao) (Pruzinska et al., 2003), and the surprising
result that conversion of the fluorescent Chl catabolites
FCC to the first non-fluorescent Chl catabolite NCC
is a spontaneous, non-enzymatic reaction (Oberhuber
et al., 2003). Studies using mutants that are defective
in one or the other catabolic enzymes operating in Chl
breakdown (e.g. Mach et al., 2001; Pruzinska et al.,
2003) have shown that many of the degradation prod-
ucts of the tetrapyrrole ring system are harmful photo-
toxins, necessitating Chl catabolism to be tightly con-
trolled in time and space.

a. Induction of Chlorophyllase by Jasmonic
Acid and Coronatine

The enzyme catalyzing the dephytylation of Chl,
Chlase, was one of the first plant enzymes studied
(Willstätter and Stoll, 1913). There are numerous re-
ports describing Chlase and the regulation of its activity
from plants and algae (Trebitsh et al., 1993; Khalyfa
et al., 1995; Tsuchiya et al., 1997). A real break-
through towards an understanding of Chlase structure
and function was not made until 1999, when two inde-
pendent groups succeeded in cloning CHLASE genes
from Chenopodium (caCHL), Arabidopsis (atCHL1,
atCHL2), and Citrus (CHLASE1) (Jacob-Wilk et al.,
1999; Tsuchiya et al., 1999). Interestingly, two differen-
tially expressed CHLASE genes were identified in Ara-
bidopsis and termed atCHL1 and atCHL2 (Tsuchiya
et al., 1999). While atCHL1 was induced by JA-Me
and the phytotoxin coronatine, a structural analog of
JA-Me from Pseudomonas sp. (Weiler et al., 1994),
atCHL2 did not respond to JA-Me (Benedetti et al.,
1998; Tsuchiya et al., 1999).

AtCHL1 and atCHL2 proteins, as well as their coun-
terparts in other plant species, share conserved amino
acid sequences and are approximately 318–347 amino
acid residues in length (summarized in Takamiya et al.,
2000). Surprisingly, no homologues were found in the
sequenced genomes of cyanobacteria, the presumed en-
dosymbiotic progenitors of chloroplasts. AtCHL1 and
atCHL2 likewise possess a conserved lipase motif con-
taining a putative active site serine residue (Ser162). In
addition, aspartic acid and histidine residues have been
identified to be essential in the active cleft of the en-
zyme, indicating that these amino acids, in conjunction

with the conserved serine residue, could form a cat-
alytic triad similar to that in serine esterases (including
lipases) (Brady et al., 1990; Tsuchiya et al., 2003).

The predicted amino acid sequences of atCHL1 and
atCHL2 contain transit peptides at their N-termini that
do, however, differ considerably. While atCHL2 has a
typical chloroplast transit peptide, the transit peptide
of atCHL1 is reminiscent of that of proteins targeted
to the endoplasmic reticulum. Although Chlase activity
has been localized to the chloroplast envelope (Brandis
et al., 1996; Matile et al., 1997), there is, to the best of
our knowledge, no proof that atCHL1 and atCHL2 are
plastid-bound. Further work will therefore be needed
to localize atCHL1 and atCHL2 in chloroplasts. Apart
from this, the plastid envelope localization of Chlase
activity implies that pigment carrier proteins present
in chloroplasts may transfer Chl a (and Chl b?) from
the thylakoids to the envelope where their dephytyla-
tion and subsequent cleavage could occur. Potential Chl
carrier proteins could belong to the same super-family
of light-harvesting Chl binding proteins as discussed
previously (see section II.C.3.a.).

b. Induction of Phaeophorbide a
Oxygenase and Red Chlorophyll Catabolite
Reductase during Senescence and Stress

One of the most remarkable steps in Chl degradation
is the oxygenolytic cleavage of the macrocyclic ring
by Pao (phaeophorbide a oxygenase), giving rise to
the red chlorophyll catabolite RCC (Fig. 5). Produc-
tion of RCC requires ferredoxin as an electron source,
phaeophorbide (Pheide) a, and molecular oxygen;
Pheide b is not accepted as a substrate (Hörtensteiner
et al., 1995; Rodoni et al., 1997; Wüthrich et al., 2000).
Pao activity is found only during senescence, sug-
gesting that it may be one of the key regulators of
Chl catabolism. Recent work has led to the identifi-
cation of the PAO gene of Arabidopsis thaliana (atPao)
(Pruzinska et al., 2003). AtPAO and related enzymes
are Rieske:iron sulfur-proteins encoded by the Ara-
bidopsis accelerated cell death (ACD) 1 gene and its
orthologs, for example, the lethal leaf spot 1 (LLS1)
gene of maize (Gray et al., 1997). Mutants lacking
PAO exhibit spontaneously spreading cell death lesions
(Fig. 6) and display constitutive defense gene activa-
tion, effects that are usually only observed when plants
are challenged by pathogens (Gray et al., 1997; Pruzin-
ska et al., 2003). In the maize lls1 mutant lacking PAO,
degradation of Pheide a is delayed, and lls1 leaves stay
green in darkness (Pruzinska et al., 2003). In white
light, photoexcited excess Pheide a causes the spread
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Fig. 6. Cell death phenotype in lethal leaf spot 1 (lls1) lesion mimic maize plants. A, Typical lls1 lesions develop in an apparently
random location along a developmental gradient from the tip of leaves towards the base. In this example the light-dependent cell
death phenotype is evident in the concentric ring appearance of the lesions in plants grown in the field with a long day photoperiod.
Cell death is reduced during the dark and resumes in the light. B, The dependence of the lls1 cell death phenotype on chlorophyll
is evident by the suppression of cell death in albino sectors of an albescent1 (al1)/lls1 double mutant plant. Courtesy of John Gray,
University of Toledo, Toledo, USA.

of cell death lesions (Gray et al., 1997; Pruzinska et al.,
2003). By contrast, transgenic plants overexpressing
ACD1/PAO do not develop lesions and are more resis-
tant to pathogen infection than control plants (M. Yang
et al., 2004).

RCC reductase catalyzes the reduction step, convert-
ing RCC to the primary fluorescent chlorophyll catabo-
lite pFCC (Hörtensteiner et al., 1998) (Fig. 5). The
responsible enzyme RCC reductase has been cloned
recently; it is identical with the ACD2 gene product of
Arabidopsis (Mach et al., 2001). Lesion formation in
acd2 plants can be triggered by coronatine in a light-
dependent manner (Mach et al., 2001). Coronatine-
triggered and spontaneous lesion spreading in acd2
plants requires protein translation, indicating that cell
death occurs by an active process. RCC reductase ac-
tivity has been purified from chloroplasts (Matile and
Schellenberg, 1996; Rodoni et al., 1997), and the ACD2
gene product contains a predicted chloroplast transit
peptide, is processed in vivo, and co-purifies primarily
with isolated chloroplasts (Mach et al., 2001).

C. Leaf Senescence as a Cell
Death Program

Leaf senescence is a regulated process that in many
aspects resembles programmed cell death (PCD) and
apoptosis in animal/metazoan systems. Both cell death
programs share a requirement of hormones or other
bioactive compounds, are mediated by signal trans-
duction machineries, and are accompanied by the

activation of specific hydrolytic enzymes (Kuriyama
and Fukuda et al., 2002). In either case, these events
eventually lead to similar cytological phenotypes of
dying cells, including cell condensation, cleavage of
nuclear DNA, chromatin separation, and release of cy-
tochrome c from the mitochondria into the cytosol
(Balk and Leaver, 2001). It is appealing to hypothe-
size that the mechanisms underlying PCD and apop-
tosis in metazoans may also apply in plants. Recent
work has shown that key components in either system
include cysteine proteinases (called caspases and meta-
caspases, respectively), BCL-2-like (BLP) proteins, de-
fender against death (DAD)-like proteins, ROS, and
Ca2+ (see Hoeberichts and Woltering, 2002; H. Thomas
et al., 2003; Watanabe and Lam, 2004).

Until recently, there was no evidence for the ex-
istence of caspases in plants. Caspases form core
components of the apoptotic machinery in animals.
They are involved in proteolytic cascades activated
by extracellular and intracellular factors, including cy-
tochrome c released from mitochondria as a result of
the mitochondrial membrane permeability transition.
There are no caspase orthologues in the sequenced
Arabidopsis genome. However, pharmacological and
biochemical studies (Bozhkov et al., 2004; Chichkova
et al., 2004; Danon et al., 2004) as well as biocom-
putational work (Uren et al., 2000) have allowed the
identification of a group of caspase-like proteins, des-
ignated metacaspases, that share the conserved cat-
alytic cysteine and histidine diad with animal caspases.
These caspases accumulate in senescing plant tissues
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(Buchanan-Wollaston, 1997; C.M. Griffiths et al.,
1997; Wagstaff et al., 2002).

Evidence from studies of animal apoptosis suggests
that entry into PCD is dependent upon de-repression
of pro-apoptotic genes that are located in the mito-
chondrial membrane (D.R. Green and Reed, 1998).
Caspases are usually activated or inhibited by BCL-
2-like proteins (BLPs) released from mitochondria.
BLPs either inhibit (Bcl- and Bcl-X) or promote (Bax
and Bak) apoptosis. The evidence for a common role
of BLPs in plant and animal apoptosis is as follows
(Kawai-Yamada et al., 2004; Coupe et al., 2004; see
Watanabe and Lam, 2004, for a review): (i) proteins
immunologically related to animal BCL2 have been
detected in plants, (ii) transgenic plants expressing
animal or viral regulators showed suppressed (Bcl- and
Bcl-X) or enhanced (Bax and Bak) cell death execution,
(iii) orthologs of the BI-1 gene have been identified in
Arabidopsis and rice, and either protein substantially
inhibited Bax-induced apoptosis in animal cells and
yeast. Overexpression of BI-1 rescues plants express-
ing mammalian Bax from cell death. Finally, BI-1 ex-
pression was found to be up-regulated by pathogen in-
oculation in Arabidopsis (see Watanabe and Lam, 2004,
for references).

Defender against apoptotic cell death (DAD1) is an-
other highly conserved component of the cell death ma-
chinery in animal and plant kingdoms (Sugimoto et al.,
2000). It was reported that DAD1 interacts with certain
members of the BLP superfamily (Makishima et al.,
2000), although the precise role of DAD in plant PCD is
not yet known. In addition, other positive and negative
regulators modulate cell death and defense responses,
such as R genes and the MLO gene conferring resis-
tance to the biotroph powdery mildew fungus Blumeria
graminis f.sp. hordei. Barley lines carrying recessive
mutations in the MLO locus show spontaneous leaf cell
death and broad-spectrum resistance. It has been pro-
posed that the MLO protein, similar to BI-1, may play
a role in a survival pathway that interferes with pen-
etration resistance during plant-biotrophic fungi inter-
actions (summarized in Schulze-Lefert and Panstruga,
2003).

Mitochondrial membrane permeability transition
and subsequent release of cytochrome c are hallmarks
of apoptosis in plants and animals (see Danon et al.,
2000; Hoeberichts and Woltering, 2002, for reviews).
Mitochondrial permeability is stimulated by various
signals, including (stress-induced) Ca2+ fluxes and
increased levels of ROS. Conversely, loss of mitochon-
drial transmembrane potential leads to mass genera-
tion of ROS and thereby provides a powerful feed-

back amplification loop. SA-dependent formation of
ROS triggers an increase in cytosolic Ca2+ (Kawano
et al., 1998) and inhibits mitochondrial functions (Xie
et al., 1999). There are also reports implying a role
of ethylene as a stimulant of senescence-associated
PCD in plants (Orzáez and Granell, 1997; Navarre and
Wolpert, 1999). Evidence is accumulating for a role of
calmodulin-like domain protein kinases in plant de-
fense and stress responses (Blumwald et al., 1998).
Some of these proteins activate NADPH oxidase that is
an important source of ROS. ROS, particularly H2O2,
have been implicated in activation of the NF-kB sig-
naling pathway that plays an essential role in mediat-
ing both immune and inflammatory resposes, and tu-
mor necrosic factor-induced apoptosis in animal cells
(Perkins, 2000). In Arabidopsis, H2O2 is a potent acti-
vator of a MAPK cascade that induces specific stress
responses in leaf cells (Kovtun et al., 2000). Taken to-
gether, these examples highlight an unanticipated com-
plexity of cell death pathways in which common and
unique players regulate PCD in plants and animals.

Cloning of senescence-associated genes (SAGs) and
identification of Arabidopsis mutants and transfor-
mants in which senescence is delayed have shed ad-
ditional light on the role of phytohormones such as
ethylene and JA as signaling compounds (Noodén and
Penny, 2001; Kuriyama and Fukuda, 2002). In the sub-
sequent sections, potential components of signaling
pathways as well as hydrolytic enzymes implicated in
regulated organelle destruction during cell death will
be discussed.

Nevertheless, it is also apparent that normal,
developmentally-regulated leaf senescence is not quite
the same as PCD. Only when leaf senescence is no
longer reversible does PCD set in as a terminal stage.
On the other hand, extreme environmental conditions,
such as pest invasion, desiccation, drought, ozone, UV
exposure, and the use of chemicals inducing PCD, are
not causally related to leaf senescence but induce sim-
ilar phenotypes of dying cells. Care must therefore be
taken when discussing potential overlaps between PCD
in reponse to harsh environmental conditions and PCD
as the terminal stage of plant development.

1. Senescence-Associated Genes with
Potential Functions in Signaling

A large number of SAGs have been cloned (see
Buchanan-Wollaston, 1997; Biswal and Biswal, 1999;
Chandlee, 2001). Among them are transcription factors
belonging to the WRKY family (Eulgem et al., 2001)
and senescence-induced or senescence-associated
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receptor-like kinases (named SIRK and SARK, respec-
tively) (Hajouj et al., 2000; Robatzek and Somssich,
2001). Members of the WRKY family are characterized
by the presence of a 60 amino acid motif, the WRKY
domain (Eulgem et al., 2001). In Arabidopsis, two dif-
ferent WRKY proteins accumulate during leaf senes-
cence (Hinderhofer and Zentgraf, 2001; Robatzek and
Somssich, 2001). WRKY53 is expressed at the onset
of senescence, whereas WRKY6 is up-regulated during
both senescence and pathogen defense. Potential genes
regulated by WRKY6 include calmodulin-regulated
genes and different types of kinases including SIRK
(Robatzek and Somssich, 2002). Although SIRK and
SARK share similar structures, consisting of an extra-
cellular leucine-rich domain, a transmembrane domain,
and a Ser/Thr kinase domain (S. Yoshida, 2003), they
are differentially expressed during senescence. While
SARK in bean is induced during the early stage of
age-dependent senescence, SIRK accumulates only in
senescent leaves (Hinderhofer and Zentgraf, 2001; Ro-
batzek and Somssich, 2002). SIRK and SARK action
may involve the perception of extracellular messengers,
conformational changes of the receptor across their re-
spective target membranes, and the subsequent relay of
phosphorylation cascades leading to senescence gene
expression.

2. Hydrolytic Activities Induced
during Senescence

a. Proteolytic System

Various salvage pathways operate to recycle nutrients
from leaves undergoing senescence. In addition to pro-
tein degradation taking place in chloroplasts (see sec-
tion III.B.1.), increased expression of polyubiquitin
genes and genes encoding ubiquitin-conjugating en-
zymes have been reported (Belknap and Garbarino,
1996; Noodén et al., 1997). Interestingly, several Ara-
bidopsis mutants showing delayed senescence are af-
fected in proteolytic activities. For example, the ore9
mutant is defective in an E3 ubiquitin ligase (S.A.
Oh et al., 1997; Woo et al., 2001). E3 enzymes help
choose which proteins should be ubiquitinated (for re-
views see Glickman and Ciechanover, 2002; Vierstra,
2003). Ore9 encodes an F-box protein that is part of
the Skp1-cullin/CDC53-F-box (SCF) protein complex
involved in various signal transduction pathways, in-
cluding the light and phytochrome signals (Hellmann
and Estelle, 2002). It has been proposed that the ORE9
protein may regulate the turnover of factors repress-
ing leaf senescence (S. Yoshida, 2003). In another
mutant, the delayed leaf senescence mutant dls1, an

arginyl-tRNA:protein transferase was found to be im-
paired (S. Yoshida et al., 2002). Enzymes of this type
are implicated in the N-end rule proteolytic pathway
(Varshzavsky, 1997). To the best of our knowledge, no
evidence exists to date for the operation of ubiquitin-
dependent proteolysis in plastids, although recent
proteomic approaches have identified an ubiquitin-
specific protease 2 and 20S proteasome beta F1 sub-
units in Arabidopsis chloroplasts (Kleffmann et al.,
2004).

b. Lipolytic Activities

Lipids can also be degraded and their constituents
salvaged and converted to phloem-mobile sugars
(sucrose) during leaf senescence (Thompson et al.,
1998; Kaup et al., 2002). Phospholipase Dα and acyl
hydrolases have been implicated in lipid degradation
(Fan et al., 1997; Y. He et al., 2001; Y. He and Gan,
2002). Acyl hydrolases are involved in releasing oleic
acid from triolein, and one of the identified SAGs,
SAG101, has been shown to encode a senescence-
induced acyl hydrolase (Y. He et al., 2001; Y. He and
Gan, 2002). Antisense expression of SAG101 slowed
the progression of leaf senescence, whereas its over-
expression enhanced leaf senescence (Y. He and Gan,
2002). It is tempting to speculate that SAG101 may also
be involved in liberating α-linolenic acid from mem-
brane lipids and that this compound, in turn, would
be used for JA synthesis. If so, lipolytic membrane
destruction would trigger the production of senescence-
promoting JA. However, additional factors must be
involved in regulating age-dependent senescence be-
cause senescence progression was not affected in JA-
insensitive mutants (Y. He et al., 2001).

The plant vacuole is the counterpart of the lysosome
that plays an especially important role for programmed
cell death in animal cells. For example, the lysosome
participates in autolytic cell destruction while caspases
may play a key role in apoptosis (Ferri and Kroemer,
2001). Caspases are synthesized as pro-proteins that
are cleaved and activated by removal of its pro-domains
by virtue of cathepsin B and D in animal cells (Ferri
and Kroemer, 2001; Kagedal et al., 2001). Interest-
ingly, lysosomal cathepsin B and D as well as other
proteases are stimulated by sphingosine, a well-known
pro-apoptotic molecule (Ferri and Kroemer, 2001).

In an accelerated cell death mutant of Arabidop-
sis, acd11, a sphingosine-transfer protein was identified
that may be involved in the activation of programmed
cell death (Brodersen et al., 2002). Brodersen et al.
(2002) proposed that loss of ACD11 function would
cause cells to collapse and that the ACD11 protein
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may negatively regulate PCD and defense in vivo. The
PCD and defense pathways activated in acd11 plants
are salicylic acid (SA) dependent, but do not require
intact JA or ethylene signaling pathways (Brodersen
et al., 2002). SA is involved in PCD during the hy-
persensitive response (HR) by which plants respond to
pathogens (Morel and Dangl, 1997). Light is required
for PCD execution in acd11 plants (Brodersen et al.,
2002) and may lead to the production of reactive oxygen
species. Application of an SA-analog to SA-deficient
acd11 plants induced cell death in the light, but not in
the dark (Brodersen et al., 2002). In animal cells, oxida-
tive stress and the tumor-suppressing protein p53 cause
lysosomal breakage, which leads to autolytic degra-
dation of cells (Zhao et al., 2001; Yuan et al., 2002).
ACD11 protein may thus be operating in transferring
sphingosine between membranes in vivo. Interestingly,
JA signaling is required for fumonisin-B1-induced cell
death (Asai et al., 2000). Fumonisin-B1 is a mycotoxin
and sphingosine analog that induces PCD in both ani-
mal and plant systems (Gilchrist, 1997).

3. The Search for the Cell Death Factor

Cell death associated with leaf senescence, the HR oc-
curring in plant-pathogen interactions, and other forms
of cell death including sex determination in unisex-
ual flowers and the formation of the vascular system
(Pennell and Lamb, 1997) are regulated genetically.
This is illustrated by studies on maize, tomato, and
Arabidopsis mutants in which cell death is triggered
spontaneously. These so-called lesion mimic mutants
develop HR-like lesions and activate defense responses
constitutively. They are represented by the acd- and lsd-
mutants (Dietrich et al., 1994; Greenberg et al., 1994;
Johal et al., 1995; Weymann et al. 1995) and can be
separated into two classes (Dangl et al., 2000): (i) ini-
tiation mutants develop spontaneous lesions of deter-
minate size similar in appearance to normal cell death
triggered by pathogens during the HR and (ii) propaga-
tion mutants exhibit spreading cell death. In propaga-
tion mutants, extracellular superoxide radical (O–

2 ) is
necessary and sufficient to trigger spreading cell death.
The containment of cell death to a limited number of
surrounding cells indicates that a dialog of signals be-
tween dying cells and healthy neighbouring cells must
exist that determines lesion size (Dangl et al., 2000). A
question thus arises as to the nature of the factors and
processes that propagate or halt the spread of cell death
and hence regulate the extent of lesion propagation.

Of the many Arabidopsis cell death mutants de-
scribed, seven corresponding genes have been cloned
and characterized. Remarkably, four fall into the

class of mutants that are impaired in tetrapyr-
role metabolism, namely acd1 encoding Pao, acd2
encoding RCC reductase, les22 encoding uropor-
phyrinogen decarboxylase, and lin2 encoding copro-
porphyrinogen decarboxylase (Molina et al., 1999;
Ishikawa et al., 2001; Mach et al. 2001; Pruzinska et al.,
2003). Genes in a second class are involved in fatty
acid metabolism as exemplified before for acd11 (Mou
et al., 2000; Kachroo et al., 2001). Finally, lsd1 has been
identified to encode a zinc-finger protein proposed to
negatively regulate a cell death pathway by monitor-
ing a superoxide-dependent signal (Jabs et al., 1996;
Dietrich et al., 1997).

Reactive oxygen species (ROS) supposedly play
important roles in lesion propagation and cell death
(Vranová et al., 2002; Overmyer et al., 2003). Phy-
tohormones such as ethylene, SA, and JA may addi-
tionally be involved in lesion formation, propagation,
and containment. In a recent paper, op den Camp et al.
(2003) reported that in the flu mutant of Arabidopsis
(see also chapter II.C.2.a.), reactive oxygen species (in
particular singlet oxygen) are produced because of the
lack of sequestration of free Pchlide. The authors also
measured increased levels of oxygenated membrane
lipids, including 13S-hydroxyoctadecatrieonic acid in
light-exposed flu plants. Pigment-sensitized lipid mod-
ifications thus may serve as a source of JA precursors,
and the entire spectrum of cyclopentanone compounds
emitted from affected cells could trigger cell death
in neighbouring cells via an autocatalytic mechanism.
In apparent contrast to this view are studies suggest-
ing that JA is a factor involved in the containment of
ROS-dependent lesion propagation (Overmyer et al.,
2000; Rao et al., 2000). The JA-insensitive jar1 and
coi1 mutants and JA-deficient fad3-fad7-fad8 triple
mutant all show an increased magnitude of ozone-
induced oxidative burst, SA accumulation, and HR-
like cell death. Pretreatment of the ozone-sensitive
Arabidopsis accession Cyi-O with JA-Me completely
abolished ozone-induced H2O2 accumulation, SA pro-
duction, and defense gene activation, as evidenced by
the lack of pathogenesis-related protein-1 mRNA ac-
cumulation (Overmyer et al., 2000; Rao et al., 2000).
Furthermore, jar1 exhibits a transient spreading cell
death phenotype and a pattern of O–

2 accumulation sim-
ilar to that observed in rcd1 plants (Overmyer et al.,
2000). RCD1 defines a radical-induced cell death lo-
cus that mediates ozone and O–

2 sensitivity (Overmyer
et al., 2000). Treatment of O3-exposed rcd1 mutant
plants with JA halted spreading cell death, providing
direct evidence for the role of JA in lesion contain-
ment (Overmyer et al., 2000). Similarly, pretreatment
of tobacco with JA diminished O3-dependent cellular
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damage (Overmyer et al., 2000; Rao et al., 2000).
An explanation for these findings could be that JA-
stimulated glutathione synthesis helps to limit ROS ac-
cumulation and cell death (Xiang and Oliver, 1998).
It is also possible that lesion containment by JA could
be achieved through regulation of ethylene receptors
because it has been shown that JA induces ethylene re-
ceptor gene expression (Schenk et al., 2000). Increased
receptor protein synthesis would decrease ethylene sen-
sitivity and desensitize plants to ethylene. In this way,
JA could affect ethylene-dependent lesion propaga-
tion by reducing ethylene-dependent ROS accumula-
tion. As a result, halting of the lesion spread would
occur (Overmyer et al., 2003). However, this hypoth-
esis appears to be in clear contrast to the observation
that treatment of tobacco leaves with JA-Me promotes
H2O2 production (Dat et al., 2003). Therefore, the re-
lationship between ROS and JA and their impact on the
spread of cell death remain unresolved.

Other studies suggest indirect signaling pathways
not involving JA. Mutants that constitutively overex-
press the thionin (THI 2.1) gene, called cet mutants,
have been isolated (Nibbe et al., 2002). These cet
mutants spontaneously form microlesions. Lesion for-
mation in cet mutants occurs independent of COI1-
mediated JA signaling and, in case of cet2 and cet4.1,
also does not involve SA signaling. By contrast,
COI1-mediated JA signaling in cet3 requires SA. In
SA-depleted transgenic cet3 plants expressing the bac-
terial SA hydroxylase NahG, THI2.1 expression was
independent of lesion formation. In wild-type plants,
NahG-dependent depletion of SA levels, however,
abolished HR-like cell death (Nibbe et al., 2002). It
thus appears that signals other than SA and JA are in-
volved in the regulation of lesion initiation. Cloning of
cet genes should unravel the nature of the cell death
factor and the possible role of JA.

IV. Future Perspective

The results summarized in this review have unveiled a
plethora of mechanisms governing plant gene expres-
sion in response to both exogenous and endogenous
factors. Light and plant hormones, such as BRs, ethy-
lene, SA, and JA, exert profound effects on early plant
development following seed germination and the termi-
nal stage of plant development, senescence. Both stages
of development are intimately associated with the op-
eration of photoreceptors and photosensory tetrapyr-
role compounds of which some were discussed in this
chapter.

Tetrapyrroles, such as Chl and heme, and most of
their precursors and breakdown products are extremely
phototoxic. Their synthesis and degradation are highly
compartmentalized and regulated, and their levels are
tightly adjusted to the respective needs during plant de-
velopment. Tetrapyrroles are able to absorb light and
donate active electrons that are used for different pro-
cesses. In the absence of productive outlets for these
active electrons, they can be donated to other com-
pounds, including molecular oxygen, forming free rad-
icals and singlet oxygen that cause pigment bleaching,
protein denaturation, and membrane lipid peroxidation.
If produced in excess, porphyrin precursors such as
uroporphyrinogen III cause lesion mimic phenotypes,
including spreading cell death lesions and induction of
defense gene expression. Defects in Chl catabolism can
also give rise to lesion mimic phenotypes. Evidence is
thus accumulating for a general role of tetrapyrroles in
controlling cell death in stress responses, senescence,
and disease, and that there are similarities between
PCD and apoptosis in plants and animals. Interest-
ingly, tetrapyrroles also play important roles as intracel-
lular signals coordinating post-germination greening.
Mg-protoporphyrin IX is a plastid factor that controls
nuclear gene expression. In mammalian systems, pro-
toporphyrin IX, but not other porphyrins such as por-
phobilinogen, triggers apoptosis by induction of the
mitochondrial permeability transition (Marchetti et al.,
1996; Kroemer, 1999). Uroporphyrinogen III and RCC,
intermediates in the biosynthesis and degradation path-
ways of Chl, are also able to specifically trigger cell
death in plants. Interestingly, Mach et al. (2001) ob-
served the ACD2 protein localizes to both mitochon-
dria and chloroplasts. In mammalian systems, mito-
chondria integrate cell death signals and trigger cell
death (Kroemer, 1999). It is appealing to hypothesize
that both mitochondria and chloroplasts could be in-
volved in the life/death decision in plants at different
stages of development and in response to environmen-
tal cues. It should be the aim of future work to identify
mitochondria- and chloroplast-derived cell death fac-
tors as well as signaling compounds in plants and to
study their interaction. Approaches to be used to this
end may involve genetic screens for hormone (ethy-
lene, SA, JA)-insensitive plants, microarray analyses
to comprehensively monitor alterations in gene ex-
pression during photosensitized, tetrapyrrole-mediated
stress and defense responses, and two-hybrid screens
for new partner proteins interacting with identified sig-
naling compounds. In the post-genomic era of plant
research, these genetic approaches will need to be
complemented by biochemical techniques, permitting
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definite functions to be assigned to each component of
the discovered signaling pathway. Manipulation of the
tetrapyrrole pathway may allow the creation of agro-
nomically important crop plants with increased stress
and resistance properties.
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Kågedal K, Zhao M, Svensson I and Brunk UT (2001)
Sphingosine-induced apoptosis is dependent on lysosomal
proteases. Biochem J 359: 335–343

Kahn A (1968) Developmental physiology of bean leaf plas-
tids. Tube transformation and protochlorphyll(ide) photocon-
version by a flash irradiation. Plant Physiol 43: 1781–1785

Kahn AA, Boardman NK and Thorne SW (1970) Energy
transfer between protochlorophyllide molecules: Evidence
for multiple chromophores in the photoactive protochloro-

phyllide-protein complex in vivo and in vitro. J Mol Biol 48:
85–101

Kang JG, Yun J, Kim DH, Chung KS, Fujioka S, Kim JI, Dae HW,
Yoshida S, Takatsuto S, Song PS and Park CM (2001) Light
and brassinosteroid signals are integrated via a dark-induced
small G protein in etiolated seedling growth. Cell 105: 625–
636

Karger GA, Reid JD and Hunter CN (2001) Characterization
of the binding of deuteron-porphyrin IX to the magnesium
chelatase H subunit and spectroscopic properties of the com-
plex. Biochemistry 40: 9291–9299

Karpinski S, Escobar C, Karpinska B, Creissen G and
Mullineaux PM (1997) Photosynthetic electron transport reg-
ulates the expression of cytosolic ascorbate peroxidase genes
in Arabidopsis during excess light stress. Plant Cell 9: 627–
640

Kaup MT, Froese CD and Thompson JE (2002) A role of diacyl-
glycerol acyltransferase during leaf senescence. Plant Physiol
129: 1616–1626

Kauschmann A, Jessop A, Koncz C, Szekeres M, Willmitzer L
and Altmann T (1996) Genetic evidence for an essential role
of brassinosteroids in plant development. Plant J 9: 701–713

Kawai-Yamada M, Ohori Y and Ucimiya H (2004) Dissection
of Arabidopsis Bax inhibitor -1 suppressing Bax-, hydrogen
peroxide-, and salicylic acid- induced cell death. Plant Cell
16: 21–32

Kawano T, Sahashi N, Takahashi K, Uozumi N and Muto S (1998)
Salicylic acid induces extracellular generation of superoxide
followed by an increase in cytosolic calcium ion in tobacco
suspension culture: the earliest events in salicylic acid signal
transduction. Plant Cell Physiol 39: 721–730

Kay SA and Griffiths WT (1983) Light-induced breakdown of
NADPH:protochlorophyllide oxidoreductase in vitro. Plant
Physiol 72: 229–236

Kendrick RE and Kronenberg GH (1994) Photomorphogenesis
in Plants. Martinus Nijhoff, Dordrecht

Khalyfa A, Kermasha S, Marsot P and Goetgebheur M (1995)
Purification and characterization of chlorophyllase from
alga Phaeodactylum tricornutum by preparative native elec-
trophoresis. Appl Biochem Biotechnol 53: 11–27

Kirk JTO and Tilney-Basset RAE (1978) The Plastids: Their
Chemistry, Structure, Growth and Inheritance. Elsevier North-
Holland Biomedical Press, Amsterdam/New York

Kleffmann T, Russenberger D, von Zychlinske A, Christopher
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Sperling U, van Cleve B, Frick G, Apel K and Armstrong GA
(1997) Overexpression of light-dependent PORA or PORB in
plants depleted of endogenous POR by far-red light enhances
seedling survival in white light and protects against photo-
oxidative damage. Plant J 12: 649–658

Sperling U, Franck F, van Cleve B, Frick G, Apel K and Arm-
strong GA (1998) Etioplast differentiation in Arabidopsis:
both PORA and PORB restore the prolamellar body mem-
brane and photoactive protochlorophyllide-F655 to the cop1
photomorphogenic mutant. Plant Cell 10: 283–296

Sperling U, Frick G, van Cleve B, Apel K and Armstrong GA
(1999) Pigment-protein complexes, plastid development and
photo-oxidative protection: the effects of PORA and PORB
overxpression on Arabidopsis seedlings shifted from far-red
to white light. In: Argyroudi-Akoyunoglou JH and Senger H
(eds) The Chloroplast: From Molecular Biology to Biotech-
nology, pp 97–102. Kluwer Academic Publishers, Dordrecht

Stirpe F, Barbieri L, Gorini P, Valbonesi P, Bolognesi A and Polito
L (1996) Activities associated with the presence of ribosome-
inactivating proteins increase in senescent and stressed leaves.
FEBS Lett 382: 309–312

Strand A, Asami T, Alonso A, Ecker JR and Chory J (2003)
Chloroplast to nucleus communication triggered by accumu-
lation of Mg-protoporphyrinIX. Nature 423: 79–83

Su Q, Frick G, Armstrong G and Apel K (2001) PORC of Ara-
bidopsis thaliana: a third light- and NADPH-dependent pro-
tochlorophyllide oxidoreductase that is differentially regulated
by light. Plant Mol Biol 47: 805–813

Sugimoto A, Hozak RR, Nakashima T, Nishimoto T and Roth-
man JH (1995) Das.1, an endogenous programmed cell death
suppressor in Caenorhabditis elegans and vertebrates. EMBO
J 14: 4434–4441



364 Christiane Reinbothe and Steffen Reinbothe

Sundqvist C and Dahlin C (1997) With chlorophyll from pro-
lamellar bodies to light-harvesting complexes. Physiol Plant
100: 748–759

Surpin M, Larkin RM and Chory J (2002) Signal transduction
between the chloroplast and the nucleus. Plant Cell Vol 14:
327–338

Susek RE, Ausubel FM and Chory J (1993) Signal transduction
mutants of Arabidopsis uncouple nuclear CAB and RBCS
gene expression from chloroplast development. Cell 74: 787–
799

Suzuki JY and Bauer CE (1995) A prokaryotic origin for light-
dependent chlorophyll biosynthesis of plants. Proc Natl Acad
Sci USA 92: 3749–3753

Suzuki JY, Bollovar DW and Bauer CE (1997) Genetic analysis
of chlorophyll biosynthesis. Annu Rev Gen 31: 61–89

Suzuki G, Yanagawa Y, Kwok SF, Matsui M and Deng XW (2002)
Arabidopsis COP10 is a ubiquitin-conjugating enzyme variant
that acts together with COP1 and the COP9 signalosome in
repressing photomorphogenesis. Genes Dev 16: 554–559

Szekeres M, Németh K, Koncz-Kálmán Z, Mathur J,
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