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Editorial
Advances in Photosynthesis and Respiration
Volume 14: Photosynthesis in Algae
I am extremely delighted to announce the
publication of the long-awaited Photosynthesis in
Algae edited by Anthony Larkum, Susan Douglas
and John Raven. It is Volume 14 in our Series
Advances in Photosynthesis and Respiration (AIPH)
and is a sequel to the previous thirteen volumes in the
series.

Published Volumes
(1)

Molecular Biology ofCyanobacteria (Donald
R. Bryant, editor, 1994);
(2) Anoxygenic Photosynthetic Bacteria (Robert
E. Blankenship, Michael T. Madigan and Carl
E. Bauer, editors, 1995);
(3) Biophysical Techniques in Photosynthesis (Jan
Amesz* and Arnold J. HoW, editors, 1996);
(4) Oxygenic Photosynthesis: The Light Reactions
(Donald R. art and Charles F. Yocum, editors,
1996);
(5) Photosynthesis and the Environment (Neil R.
Baker, editor, 1996);
(6) Lipids in Photosynthesis: Structure, Function
and Genetics (Paul-Andre Siegenthaler and
Norio Murata, editors, 1998);
(7) The Molecular Biology of Chloroplasts and
Mitochondria in Chlamydomonas (Jean David
Roehaix, Michel Goldschmidt-Clermont and
Sabeeha Merchant, editors, 1998);
(8) The Photochemistry ofCarotenoids (Harry A.
Frank, Andrew J. Young, George Britton and
Richard J. Cogdell, editors, 1999);
(9) Photosynthesis: Physiology and Metabolism
(Richard C. Leegood, Thomas D. Sharkey and
Susanne von Caemmerer, editors, 2000);
(10) Photosynthesis: Photobiochemistry and Photobiophysics (Bacon Ke, author, 2001);
(11) Regulation of Photosynthesis (Eva-Mari Aro
and Bertil Andersson, editors, 2001)
"deceased

(12) Photosynthetic Nitrogen Assimilation and
Associated Carbon and Respiratory Metabolism (Christine Foyer and Graham Noctor,
editors, 2002); and
(13) Light Harvesting Antennas (Beverley Green
and William Parson, editors, 2003).
See <http://www.wkap.nl/series.htrnlAIPH> for
further information and to order these books. Please
note that the members ofthe International Society of
Photosynthesis Research, ISPR (<http://www.
Photosynthesisresearch.org», receive special
discounts.

Photosynthesis in Algae
Algae are a fascinating group of organisms, which
refuse to be classified. One may simply place them
in the Protists, one of the six Kingdoms of Nature.
However this ignores the fact that they arc
photosynthetic and are undeniably related in some
way to the land plants (Plantae). It also places the
algal group, which represents some of the largest
organisms on the planet in a Kingdom that is typified
by microscopic unicellular organisms! Of course
this has not deterred workers in photosynthesis,
almost all of whom will have a flask or two of algae
growing somewhere in their laboratories, even though
they devote their main work to higher plants. As
pointed out in the Preface to this volume, it also does
not prevent frequent sallies into the domain of
Bacteria, to make use ofthe photosynthetic properties
of Cyanobacteria, even though these organisms are
no longer called 'algae.'
We are fortunate in having three outstanding and
charming editors whose interests have allowed them
a clear overview of a complex field and has allowed
them to choose an excellent set of authors out of a
army of great researchers in the field. Tony Larkum
is basically a plant physiologist but has worked at all
levels ofphotosynthesis from whole ecosystems such
as coral reefs to genes for the light-harvesting proteins

of dinoflagellates and prochlorophytes. Susan
Douglas is a molecular biologist who has sequenced
cryptophyte genes and most recently took a major
role in sequencing the three chromosomes of the
relic nucleus (nucleomorph) of the cryptophyte
Guillardia theta. John Raven is an eclectic algal
physiologist, whose major contributions have been
in quantifying the roles of various pathways in the
carbon metabolism of algae as well as contributing
prolifically to discussion on the evolution ofCyanobacteria, algae and land plants.
Knowing the editors and the topic of the specific
volume are important to me. We have included brief
biographies and photographs of the editors in this
volume. My interest in algae dates back to the time
when I was a graduate student of Robert Emerson
(who himself was a student of Otto Warburg); the
green alga Chlorella was the choice ofresearch then.
A 1957 group photograph and a shamelessly produced
listing of some of our findings are given following
this 'Editorial.' I have been fortunate to know Tony
the most. I have been his guest once at his pleasant
home in Sydney and enjoyed with him a 'walk in the
ocean' that he led in Heron Island in 2001. The
enjoyment of seeing the marine life there and in his
laboratory has left an everlasting imprint on my
mind. I have admired the work of Susan, but have yet
to meet her personally. However, I met John at Urbana,
Illinois, when he gave an exciting lecture wearing a
Scottish kilt. (1 have been too 'shy' to ever give a
lecture wearing the Indian 'Kurta-Pajama and the
Nehru Jacket; I could, ofcourse, never wear a 'Dhoti'
for the fear it may fall down in public.)
The various chapters in this book have beautifully
covered the major aspects ofphotosynthesis in algae;
they are written by major authorities in the field. I am
pleased to see inclusion of discussions on Cyanobacteria, prochlorophytes (prokaryotes that have
chlorophyll b as well as chlorophyll a) and newly
discovered Acaryochloris marina, which possesses
chlorophyll d. This book will serve graduate students,
teachers and researchers in the areas of plant
physiology, cellular and molecular biology, integrative
biology, biochemistry, biophysics and global ecology.

research in various areas of photosynthesis and
respiration. Photosynthesis is the process by which
higher plants, algae, and certain species of bacteria
transform and store solar energy in the form of
energy-rich organic molecules. These compounds
are in turn used as the energy source for all growth
and reproduction in these and almost all other
organisms. As such, virtually all life on the planet
ultimately depends on photosynthetic energy
conversion. Respiration, which occurs in mitochondria and in bacterial membranes, utilizes energy
present in organic molecules to fuel a wide range of
metabolic reactions critical for cell growth and
development. In addition, many photosynthetic
organisms engage in energetically wasteful photorespiration that begins in the chloroplast with an
oxygenation reaction catalyzed by the same enzyme
responsible for capturing carbon dioxide in photosynthesis. This series of books spans topics from
physics to agronomy and medicine, from femtosecond
(10. 15 s) processes to season-long production, from
the photophysics of reaction centers, through the
electrochemistry of intermediate electron transfer,
to the physiology of whole organisms, and from xray crystallography ofproteins to the morphology of
organelles and intact organisms. The intent of the
series is to offer beginning researchers, advanced
undergraduate students, graduate students, and even
research specialists, a comprehensive, up-to-date
picture of the remarkable advances across the full
scope of research on bioenergetics and carbon
metabolism.

Future Books
The readers of the current series are encouraged to
watch for the publication of the forthcoming books:
(I) Respiration inArchea and Bacteria. 2 volumes
(Editor: Davide Zannoni );
(2) Chlorophylls and Bacteriochlorophylls:
Biochemistry, Biophysics and Biological
Function (Editors: Bernhard Grimm, Robert 1.
Porra, Wolfhart Rudiger and Hugo Scheer);
(3) Chlorophyll a Fluorescence: A Signature of
Photosynthesis (Editors: George Papageorgiou
and Govindjee);
(4) Photosystem II: The Water/Plastoquinone
Oxido-reductase in Photosynthesis (Editors:
Thomas 1. Wydrzynski and Kimiyuki Satoh);
(5) Plant Respiration (Editors: Miquel Ribas-

The Scope of the Series
Advances in Photosynthesis and Respiration is a
book series that provides, at regular intervals, a
comprehensive and state-of-the-art account of
vi

Carbo and Hans Lambers);
Photosystem I: The NADP+/Ferredoxin
Oxidoreductase in Oxygenic Photosynthesis
(Editor: John Golbeck);
(7) Photosynthesis: A Comprehensive Treatise;
Biochemistry, Biophysics and Molecular
Biology, 2 volumes (Editors: Julian EatonRye and Baishnab Tripathy)
(8) Photoprotection, Photoinhibition, Gene
Regulation and Environment (Editors: Barbara
Demmig-Adams, William W Adams III and
Autar Mattoo);
(9) TheStructureand Function ofPlastids (Editors:
Kenneth Hoober and Robert Wise); and
(l0) History of Photosynthesis Research (Editor:
Govindjee)
In addition to these contracted books, we are
interested in publishing several other books. Topics
under consideration are: Molecular Biology of Stress
in Plants; Global Aspects of Photosynthesis and
Respiration; Protein Complexes of Photosynthesis
and Respiration; Biochemistry and Biophysics of

Respiration; Protonation and ATP Synthesis;
Functional Genomics; The Cytochromes; Laboratory
Methods for Studying Leaves and Whole Plants; and
C-3 and C-4 Plants.
Readers are requested 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.cdu) 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 Bioengineering, Chemistry, and Physics.
I take this opportunity to thank Tony Larkum,
Susan Douglas, John Raven, all the authors ofvolume
14, Larry Orr, Jacco Flipsen, Noeline Gibson, Evan
Delucia, and my wife Rajni Govindjee for their
valuable help and support that made the publication
of Photosynthesis in Algae possible.

(6)

August 15,2003
Govindjee
Series Editor
Advances in Photosynthesis and Respiration
University of Illinois at Urbana-Champaign
Department of Plant Biology
265 Morrill Hall, 505 South Goodwin Avenue
Urbana, IL 61801-3707, U.S.A.
E-mail: gov@uiuc.edu;
URL: http://www.1ife.uiuc.edu/govindjee
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A 1957 photog raph of Govindjee (3rd from the right, holding one of the Lavorels' children), Robert Emerson (151 on the left, holding
another child ofthe Lavorel s), and Ruth V. Chalmers (Emerson' s assistant; )Cd from the left). Others in the photo are: Madame Mary-Jo
Lavorel (2 nd from left), Jean Lavorel (5th from left) and Paul Latimer (extreme right).

Govindjee

Govindjee was trained in phycology, during his M.Sc.
course (1952-1954), by Professor A.K. Mittra of
Allahabad University, India. From 1956-1958, Robert
Emerson and his assistant Ruth V. Chalmers gave
excellent training in the culture, growth, maintenance,
and physiology of various algae. This included
quantum yield measurements of oxygen evolution
by Emerson 's most precise differential two-vessel
manometry (using a cathetometer to read the pressure
chang es as small as 0.0 I mm, while the manometer
was shaking). An interesting thing about Emerson 's
manomete r was that it used a low-density, but foulsmell ing iso-caproic acid as the manomet er fluid!
Govindjee's early research included the usc of the
green alg a Chi arella pyrenoidosa , the cyanobacterium Anacys tis nidulan s (then called a bluegreen alg a), Navicula minima (a diatom), and
Porphy ridium cruentum (a red alga). Later research
included the use of wild type and several Photosystem II (PS II) mutants of the cyanobacterium
Syn echocystis PCC 6803 (now fully sequenced :
www.kazusa.or.jp!cyanobase!). and the wild type
and several PSII and xanthophyll cycle mutant s of
another green alga Chlamydomonas reinhardtii. The
foll owing are some of his, and co-worker 's,
observations: chlorophyll (Chi) a-670 is a part ofthe
short-wave photo system (now called Photosystem
II) in Chiarella and Navicula (1960; E. Rabinowiteh);
existence of a two-light effe ct through Chi a
fluorescence measurements (1960 ; S. Ichimura) ;
existence ofa pigment with absorption at 750 nm in
Anacys tis (1961 ; C. Cederstrand); existence of a
new emission band in the 692-695 nm region at room
temperature, when photosynthesis is saturated, or
blocked, in Porphyridium (1963 ; A. Kre y); in

Anacystis, (1967, 1968; G. Papageorgiou); and in
Chi arella (1970 ; J-M . Briantais); temperature
dependence of Chi a fluorescence bands at 685 nm,
696 nm, and at 730 nm, down to 4 K, suggesting that
Forster energy transfer is the most probable
mechani sm of energy transfer in algae ( 1966-1970;
F. Cho); slow Chi a fluorescence changes related to
photophosphorylation and other non-Q; -related
events (1967-1972; G. Papageorgiou , P. Mohanty) ;
maximum quantum yield of oxygen evolution does
not exceed 0.12 even in young synchronously grown
Chiarella, in the presence of catalytic blue light and
10% CO 2, i.e., under O. Warburg 's experim ental
conditions (196 8; R. Govindjee); existence of a
circadian rhythm in Chi a fluorescence in Gonyaulax
polyedra (1979 ; B. Sweeney and B. Prezelin); heatinduces state changes (1984; P.V. Sane); bicarbonate!
formate binding near D1-R257 regulates electron
transfer in PSII (1996-1998); elucidating the
polyphasic rise kinetics of Chi a fluorescence rise
and the coining of the name the OJIP curve (19921995; R. Strasser and his coworkers); demonstr ating
that imaging of the lifetime of Chi a fluorescenc e is
a great tool for measuring quantum yield of
fluorescence, and, thus of photosynthesis even in
si ngle cells of algae (2000-2003; O. Holub ,
M. Seufferheld and R. Clegg); exposure of cells to
forced light oscillations suggests unique regulation
of attachment and de-attachment of phycobi1isomes
to PSII core Chi a-containing protein complexes
(2003; L. Nedb al). See Volume 12 of AIPH Series
(Editors: C. Foyer and G.Noctor) for a briefbiography,
Volume 13 (Editors: B. Green and W Parson) for the
story of his name, and http ://www.life .uiuc.edu/
govindjee! for his publications.
Vlll
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Color Plates

-

Color Plate I . A. Colonies ofthe green volvoca lean alga Volvox. Scale bar, 30 Jlffi. B. A thallus ofthe red alga La urencia intrica ta. Scale
bar, I em. C. Part of a thallus of the brown alga Sargass um, Scale bar, I cm. D. The cryptomonad Cryptomonas sp. under the light
microscope. The several plastids in each cell are readily seen. The two equal Ilagella are not so easily seen under the light microscope.
Scale bar, 2Jlffi. Photography by M Ricketts. See Chapter I, p. 4.

Anthony W. Larkum, Susan E. Douglas and John A. Raven (eds) : Photosynth esis in Algae, pp.CP1- CP.J.
© 2003 Kluwer Academic Publishers. Printed in The Netherlands.

Color Plates

Color Plate 2. Confoc al images of chlorophyll fluorescence in various ehlorophytes. A. Oedogonium (species unknown, local
collection) ; x3,300 . B. Cladophora (specie s unkn own, local collect ion) ; x2,800. C. Spirogyra (species unknown , local collection) x31O.
C.(Inset) Sp irogyra as in C. at x 3000. D. Klebsormidium fla ccidum (UT EX #LB20 17) X2,300. E Nitella translucens (Wasteneys
collection) X24000. All scale bars S lim except low magnification of Spirogyra which is 100 J.1m. Micrographs kindly provided by Brian
Gunnin g: for further detai ls and descriptions, see Gunnin g and Schwart z, 1999. See Chapter 2, p. 17 .
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Summary
In contrast to the land plants, algae have very diverse mechanisms of photosynthesis, and especially of lightharvesting pigments and assemblages. This diversity is inherited from a great diversity of plastid types with
different evolutionary histories, not withstanding the fact that all plastids appear to be derived by endosymbiosis
from Cyanobacteria or their forebears. The major groups of algae are therefore related to the type ofprotist host
and the type of plastid, and these are described. In most groups of algae it appears that the plastid has been
derived by at least two serial endosymbioses. A single endosymbiosis appears to have oecurred in the green
algae, the red algae and the glaucocystophytes. The rich variety of types and mechanisms has given rise to many
biochemical products which today form the basis of a growing biotechnology industry. Algae are important
economically in many other ways. From a photosynthetic point of view the algae will be a rich source of ideas
for many years to come.
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I. Introduction

II. The Algae: Their Origins and Diversity

Land plants have inherited from their green algal
ancestors a remarkably uniform strategy for
harvesting and converting light energy into chemical
energy. This is based on processes using the magnesium-tetrapyrroles chlorophyll a (Chi a) and
chlorophyll b (Chi b), together with a limited number
of carotenoids. In eukaryotic organisms photosynthesis is carried out in cellular organelles known as
plastids. Only in terms ofcarbon fixation has evolution
brought about any changes at a cellular and plastid
level; in the way in which carbon is fixed as C J or C4
acids and the presence or absence of photo systems I
and II in a limited number of plastid types. Using a
limited range ofpigments, harvesting oflight energy
involves the same basic mechanism throughout the
land plants. In sharp contrast, the diverse assemblage
of organisms grouped together under the general
classification of algae, or photosynthetic protists,
have evolved a great assortment of pigments and
many elaborate strategies for light-harvesting and
energy conversion. These 'variations on a theme'
have been selected during evolution, resulting in the
current diversity of form and function. However,
because the algae have played a rather small direct
role in the economies of the world up to the present
time, they have received scant attention. Fortunately
this situation is changing rapidly and is likely to
change even more rapidly in the future. Biotechnology
already offers a number of ways to harness products
from algae and in the future this will no doubt
increase. Global climate change has also provided an
impetus to research on algae as solar collectors and
converters of clean energy. In Japan, for example,
several large laboratories working on algae have
been granted funds based on carbon credits according
to the Convention on Global Climate Change.
Nevertheless there is still a long way to go before we
can say that we really have the basic knowledge
needed to understand the scope and breadth of algal
photosynthesis. We hope that this book will be timely
in mapping out the past work and putting forward a
logical framework for future research in the area.

The algae, all of which carry out oxygenic
photosynthesis by means of a cytoplasmic organelle,
the plastid, constitute a diverse grouping of protists
scattered in the crown group of protists (Fig. 1).
Within the different algal groups there arc nonphotosynthetic sub-groups, but through close affinities with their photosynthetic cousins, they can be
judged to have lost plastids secondarily. A moot
point is found with the apicomplexans which are
non-photosynthetic parasitic protists (e.g. Plasmodium, which causes malaria) in which there exists a
relic plastid. These organisms are not currently placed
in the algae, although their algal roots are acknowledged (Chapter 2, Larkum and Vcsk).
The origin of algae occurred about 1-1.5 Ga ago
by the capture of free-living oxygenic phototrophic
eubacteria (most likely ancestors of present-day
Cyanobacteria) by host cells that were early protists.
Most workers in the field consider this endosymbiotic
origin so well-supported that it is taken to be axiomatic. These host cells already possessed a mitochondrion (or mitochondrion-like organelle), whose
origin was also certainly by endosymbiosis through
the acquisition of a free-living e-proteobacterium.
Thus the origin ofalgae and ofmitochondriate protists
was through the formation ofa chimaera. And, indeed
the origin ofthe first eukarya may also be chimaeric:
from eubacterial and archaebacterial origins (Gupta
and Golding, 1996). While Cyanobacteria, as prokaryotes, are not, strictly speaking, algae, they are
conventionally dealt with to varying extents in texts
on algae and many of the chapters in this volume
consider Cyanobacteria as well as eukaryotes.
Both the origin of the plastid and the origin of the
host in the chimaera which gave rise to the first algal
cells are controversial. Using Ockham's razor one
would seek a single origin for both. Hypothetically, a
single cyanobacterium-like eubacterium would enter
into symbiosis with a single kind ofmitochondriate
protist and from this first photosynthetic eukaryote
all the other algae would arise. The majority of
workers in the field broadly support such a single
event (monophyly) as the origin ofall primary plastids
surrounded by two membranes. However, there are
difficulties with this simple version especially in
terms of plastid characters (Chapter 2, Larkum and
Vesk). There are also difficulties that arise from the
rather haphazard distribution ofalgae on phylogenetic
trees based on small subunit rRNA or other genes. It

Abbreviations: Chi - chlorophyll; EST -- expressed sequence
tags; kbp - kilobasc pairs; NCB I - National Centre for
Biotechnology Information, http://www.ncbi.nlm.nih.gov/;
rRNA - ribosomal ribonucleic acid
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is not easy, although attempts have been made , to
derive these different taxa from a single alga.
However, in many of these taxa it can be argued that
two serial endosymbioses occurred. The defining
feature of these taxa is the presence of three or four
plastid envelope membranes.
Thus in terms of a single origin of algae, the focus
should be on the three groups of algae that contain
only two envelope membran es where presumably a
single endosymbiosis has taken place . These are the
green algae (or chlorophytes), the red algae (or
rhodophytes) and the glaucocystophytes (such as
Cyanoph ora). The host cell in chlorophytes and
glaucoc ystophytes may have a common origin , since
in both there is clear evidence for a flagellate ancestral
state. However there is no evidence for flagella in the
rhodophytes and thus speculation about a single
shared origin of these algae with the other two groups
must surmount this and other difficulties. Furthermore
there are distinc t differences between the phycobiliproteins of glaucocystophyt es and red algae (the
red algal proteins differ significantly from those of
both glaucocystophytes and Cyanobacter ia ; Chapt er
14, Toole and Alnutt). On the other hand, recent
phylogenetic an alyse s ba sed on whol e pla st id
genomes as well as nucle ar small subunit rRNA
sequences argue for a common origin of red, green
and glaucocystophyte algae (Moriera et aI., 2000). In
addition, red algae possess a Chi alb protein in
Photosystem I, which is found in chlorophytes and
all the plastids whose origin involves two serial
endosymbioses, again indicati ve of shared ancestry.
Clearly plastids have undergone significant evolutionary changes since their endosymbiotic origines).
Further discussion of these point s is presented in
Chapter 2 (Larkum and Vesk).
III. The Green , Red and Brown Algae
Classically the algae were divided into the green
algae (Fig 2A), the red algae (Fig 2B) and the brown
algae (Fig 2C), and, at that time, the blue-green algae
which are now known to belong to the euba cteria
(Engelmann, 1883, Gaidukov, 1903). Morphologically, these algae range in size from microscopic
unicells to macroscopic organisms of considerable
size (the brown algae includ e some of the tallest
ph otosynthetic organism s in th e world). Thi s
classification has stood the test of time, although the
brown algae are now recognized to be part of a much
larger co llection of photosynthetic proti sts (see
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Fig. 2. A. Colonies of the green volvocalean alga Volvox. Scale
bar, 30 J1ffi. B. A thallus ofthe red alga Laurencia ill/rica/a. Scale
bar, I em. C. Part of a thallus of the brown alga Sargassum . Scale
bar, I em. D. The crypto monad Cryptomonas sp. under the light
micros cope. The several plastids in each cell are readily seen.
The two equal flagella are not so easily seen under the light
microsco pe. Scale bar, 2J1ffi . Photography by M Ricketts. See
Color Plate l.

below). The green algae (Chlorophyta),with a few
excision s such as the euglenophytes remain a
monophyletic group (for review, see Graham, 1996)
and the red algae (Rhodophyta) also appear to be a
monophyl etic group (Ragan et aI., 1994). The brown
algae, on the other hand, are a mueh more difficult
group to describe and are now included in a broader
group of Chi c-containing algae, the chromophytes
(Christensen 1989). There are some dozen or more
phyla or divisions within this supergroup and many
ways of subdividing them and oftracing their ancestry
have been suggested (van den Hoek et aI., 1995;
Graham and Wilcox, 2000). The chrom ophytes are
described below.
IV.The Chromophytes
The chromophyte algae (Christensen, 1989) are
an intriguin g gro up of Chi c-containing algae whose
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ongms are obscure, not only because they are
polyphyletic but also because they represent a line of
plastid descent where the plastid has been taken up at
least twice by different eukaryotic hosts. In one
instance, the cryptophytes, there is a relic nucleus of
the primary host embedded between the two sets of
plastid membranes (Greenwood, 1974; Chapter 2,
Larkum and Vesk). In the remainder of the chromophyte group, no such nucleomorph remains but the
presence offour membranes (heterokonts and haptophytes) and three membranes (in dinoflagellates)
around the plastid indicate the occurrence of two
serial endosymbioses. As mentioned above the group
is also defined by having Chi c in addition to ChI a,
(although this has been secondarily lost in the
custigmatophytes). However the diversity of structure
of these algae is very great, ranging from flagellated
unicells to macroscopic attached organisms with a
large number of light-harvesting strategies and
pigments (Chapters 3, 4, 12-15).

A. The Heterokonts
Within this broad group there are several well-defined
groups-the phaeophytes (brown algae), bacillariophytes (diatoms), chrysophytes, xanthophytes,
eustigmatophytes, synurophytes; however the overall
definition is based on the type of flagella that are
present and the type of cell wall and exoskeleton.
The flagella are heterokont, i.e, two dissimilar flagella,
one smooth and the other hairy. This classification
has been known since the 19th century. However fine
structural examination has provided a more
comprehensive characterization: the smooth flagellum has a typical 9 + 2 microtubular structure while
the second flagellum has tripartite tubular flagellar
hairs, with a base, an intermediate region and a distal
region (stramenopile character; Patterson, 1989).
Stramenopile characterization is found in a wide
range (but not all) of the so-called heterokont algae
including chrysophytes, phaeophytes (brown algae),
bacillariophytes (diatoms), eustigmatophytes,
raphidophytes (or chloromonadophytes) and xanthophytes. A number ofthese algal groups are discussed
below. For further information on the groups within
the stramenopiles, the reader is referred to texts on
algae such as van den Hoek et al. (1995) and Graham
and Wilcox (2000).

1. The Phaeophytes
Brown algae have four envelope membranes and like
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other chromophytes contain Chi c in addition to
ChI a. However, the brown algae is the only group
which is consistently multicellular and produces
macroscopic thalli. Recent work suggests that the
brown algae are a monophyletic group. Their affinity
with other chromophytes was unclear from morphological, life cycle and fine structural evidence. However recent phylogenetic tree evidence places them
as a sister group with the rhaphidophytes (van de
Peer, 2000).

2. The Bacillariophytes (Diatoms)
The diatoms are mostly unicellular organisms, with
some colonial forms, that show no signs of motility
(Round et al., 1990). Most, but not all, have a
wonderfully sculpted exoskeleton made ofsilica (Fig
3A). This silicon frustule is synthesized in two halves
and each time the cell divides a smaller frustule is
formed, and sexual reproduction (or some other
process which, like sexual reproduction, involves the
loss and subsequent regeneration of the frustules) is
generally needed to prevent a gradual decrease in the
mean size of a dividing population of diatoms.
Diatoms constitute a large component of the
phytoplankton in both marine and fresh water bodies;
so much so that geological formations are due to
deposits of diatoms (diatomaceous earth) in several
regions of the world. They have a light-harvesting
mechanism based on ChIc1 and c]and the xanthophyll,
fucoxanthin (Chapter 15, Mimuro and Akimoto).
The existence of diatom frustules in geological
deposits is of rather recent origin «200 Ma). It is
probable that the group first appeared at an earlier
time but clues as to its ultimate age are scarce.
Phylogenetic trees based on small subunit rRNA
gene sequences show diatoms to be basal to
xanthophytes, phaeophytes, raphidophytes and
chrysophytes (Daughberg and Andersen, 1997).
Today,diatoms with silica frustules arc so important
that they dominate the deposits reaching 20% of the
world's ocean floors (Falkowski and Raven, 1997),
the so-called silica oceans. Diatoms are economically
important as toxin-producers (e.g. Nitzschia pungens
which causes amnesic shellfish poisoning).

B. The Haptophytes
The haptophyte algae (Green and Leadbetter, 1994;
Winter and Siesser, 1994) are best known for the
production of coccoliths (Fig 3D ), which accounts
for their other name, the coccolithophores (Fig. 3C).
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Fig. 3. A. Diatom Thalassiosira eccentrica. Scale bar = 10 J.IIll. B. Dinoflagellate Ceratocorys horrida. Scale bar = 10 J.IIll.
C. Cocco lithophoridEmiliana huxley i. Scale bar = I J.IIll. D. Scale or coccoli th ofthe coccolithophorid, Chrysoch romulina sp. Scale bar,
2 J.IIll. The algae were visualized under the scanning electron microscope, courtesy of Dr GM HalJegraeff.

Coc coliths ('berry rocks ') are sculptured scales of
calcium carbonate, which form an armored protect ion
around these single-celled algae (Winter and Siesser,
1994). The se have been produced in such vast quantities in past ocean s that they form large geological
lime ston e deposits in many regions of the world.
Coccocliths are recognizable from deposits of the
Carboniferous Period and therefore represent some
of the oldest evid ence for chromophytic and other
microalgae -putative fossils for green and red algae
- go back much furth er back to 0.54 -1 .26 Ga (X iao
et aI., 1998) . The haptophytes display cellular and
plastid characteristics common with the chrysophytes
except for a haptonema, or attachment organ, which
gives them thei r name. They gen erally have two
smoo th equa l flagella. Haptophytes are important
eco logically both because they exh ibit high primary
productivity and because they are responsible for
toxic blooms. In the aquaculture industry many
haptophytes are used as food for the growth of young
prawn s and other cultured marine anima ls.

C. The Cryptomonads
Cryptomonad algae (meaning ' hidden single' algae)
have been recognized for many years (Fig. 2D).
Unlike the heterokonts, these phytoflagellates possess
two sim ilar flagella (Fig 2D), and possess unique
plastid characteristics (Chapter 2, Larkum and Vesk) .
Th e special interest of cryptomonads from an evolutionary point of view is that they possess a relic
nucleus or 'nucleomorph ' which lies between the
outer and inner pair s ofplastid membranes (Fig. 2D,
Chapter 2, Larkum and Vesk). The nucl eomorph
genome enco des rRNAs distinct from tho se encoded
by the nuclear genome and mo st closely related to
those of red algae (Douglas et aI., 1991) . This small
genome cons ists of three red uced chromosomes,
now completely sequenced, that encode many proteins
nec essary for plastid function (Douglas et aI., 200 I).
Th ese data con firm that there have been two serial
endosy mbioses in the evolution of cryptomonads,
the first giving rise to a red alga-like organism, whi ch
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in turn was engulfed by a second phagotrophic
flagellate host cell with affinities to Goniomonas
truncata (McFadden et a!., 1994a). Only one other
group of organisms possessing nucleomorphs is
known, the chlorarachniophytes (see below). These
two types of organism lend credence to the idea that
plastids with more than two envelope membranes
arose by two (or more) serial endosymbioses. The
plastids of cryptomonads also display an interesting
assemblage of pigments and light-harvesting
properties (Chapter 2, Larkum and Vesk).

D. The Dinoflagellates
Dinoflagellates are a unique group of unicellular
chromophytic algae, whose origins are obscure and
whose characteristics are quite unusual (Fig. 3B),
even in terms of the high diversity of chromophytes
in general (Taylor, 1987). The unique features of the
plastid and its light harvesting system are described
in Chapter 2 (Larkum and Vesk). The host cell is
allied to the alveolate protists (Cavalier Smith, 2000),
but has distinctive characteristics. Most dinoflagellates are unicellular with two distinct f1agellae,
which confer a characteristic whirling motion (the
name 'dino' derives from the Greek word meaning
'whirling,' or 'a top')-but there are also nonflagellate forms. The two flagella emerge near each
other but have very different characteristics.
Dinoflagellate cysts are present in fossils, the oldest
of which are found in 400 Ma Silurian deposits.
Because the dinoflagellates are amongst the highest
algal primary producers, they are associated with oil
deposits and much effort is expended by oil companies
into studying and characterizing dinoflagellate cysts
as indicators of likely oil fields. Dinoflagellates are
also of economic interest because they, like
haptophytes, can form toxic blooms, often referred
to as 'red tides,' leading to fish kills and human
deaths. Toxic forms are also the basis of ciguatera, or
saxitoxin, the nerve poison that accumulates in fish
on coral reefs. Ciguatera poisoning-a condition
which affects the nervous system-is cumulative.
V.The Chlorarachniophytes
Chlorarachnion and related green amoebae-like
organisms have a nucleomorph lying between two
sets of plastid membranes, as in cryptomonads. In
this case, the host organism is related to filose
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amoebae and the plastid is related to that of green
algae (Chapter 2, Larkum and Vesk). The nucleomorph contains three chromosomes and phylogenetic
analysis of nucleomorph small subunit rRNA
sequences indicates an origin of the primary host
from a primitive green alga (McFadden et al., I994b;
van de Peer et a!., 1996).
VI. The Euglenophytes
Euglena and its allies are common green or colorless
flagellates found in freshwater ponds and shallow
marine habitats. The host cell is allied to the kinetoplastids, protozoa which include the trypanosomes
and which branch early on the evolutionary tree of
protists (Bhattacharya, 1997). The host organism
may therefore be one ofthe most primitive organisms
among the algae. The plastid has three envelope
membranes which has led to the suggestion that it
too is the result of two serial endosymbioses (Gibbs,
1978), although no evidence of the nucleus or
cytoplasm of the first host organism remains. An
alternative hypothesis is that euglenoids arose by
primary endosymbiosis where the cell membranes
of both the host and the endosymbiont were retained
(Cavalier-Smith, 1982). The plastid is most closely
related to other green plastids but other evidence,
such as the unusual introns in euglenophyte plastid
genes, suggests an ancient origin (Chapter 2, Larkum
and Vesk).

VII. Algal Genomes
The Human Genome Project has exemplified the
importance and benefit of carrying out complete
sequencing of the genome of an organism. Genomes
for many other eukaryotic organisms (Saccharomyces
cerevisae, Drosophila melanogaster, Caenorhabditis
elegans, Arabidopsis thaliana) as well as a multitude
of prokaryotic organisms are now available, making
comparative genomics a reality. Unfortunately no
algal nuclear genome is currently the focus of a
major sequencing project; this is a major stumbling
block in understanding and utilizing the genetic
information locked up in the nuclei ofalgae. However,
the complete sequence ofthe genome ofthe reduced
eukaryotic nucleus of cryptomonads (Douglas et a!.,
200 I) and EST surveys of algal protists that are
underway (Gray, personal communication) should

8

resolve this problem. On the other hand the more
amenable task ofsequencing the much smaller plastid
genome has been accomplished in a number ofalgae
(Table I). While the list is reasonably long there are
still a number of algae that demand attention such as
the dinoflagellates, whose genomes appear to exist
as single gene-encoding minicircles (Zhang et al.,
1999). Nevertheless many useful conclusions can be
drawn from comparative genomics of plastids (Martin
et al., 1998).
VIII. Algae as Sources of Natural Products
With their high primary productivity many algae are
an excellent source of specialty natural products or
'nutraceuticals.' This benefit has not been realized to
a great degree by mankind but it is likely to be in
future as exploitation of marine resources increases
and world food supplies fail to meet demand. At
present, only two types of cultivation or harvesting
occur. The first is the cultivation of the unicellular
green alga, Dunaliella, in hypersaline ponds. This
alga produces excess {3-carotene under high insolation
and various successful enterprises around the world
have been used to produce valuable supplies of f3carotene, which is used as a food colorant and nutritional supplement (Borowitzka, 1999). There are
now many other examples for microalgae being
cultivated as a source ofnatural products (Borowitzka
and Borowitzka, 1988; Cohen, 1999).
The second, more commercially important aspect
ofalgal cultivation and harvesting concerns the extraction of specific cell wall constituents from brown and
red algae. In the case of brown algae, long-chain
(1,4-linked) polymers of uronic acids of the sugars
mannose and gulose are found and these constitute a
class of natural products called alginates. These
products are used in the food and cosmetic industry
both as glycocolloids (gums and food stiffeners,
gelling agents, etc.) and as clarifiers e. g. in brewing.
In the case ofred algae, shorter chain polysaccharides
of 1,4- and 1,3-linked galactose with sulfate crosslinkages produce another group of glycocolloids.
Agar and agarose are perhaps the most familiar of
these but many more exist, the most important of
which are carrageenans. They all form a very large
industrial product in modern society, being used as
colloids in thickening, gelling, smoothing and
enhancing food and cosmetic products. The interested
reader is referred to the literature for further informa-
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tion, especially Akatsuka (1994) and Graham and
Wilcox (2000).
As a result of intense interest, several kinds of red
and brown algae are cultivated for human consumption. The greatest developments have occurred
in Japan, a country with a long history of seaweed
cultivation and use (Ohno and Critchley 1993).
Perhaps the most celebrated example is Porphyra,
which is an essential component of sushi rolls. In
fact, it was the discovery by a British scientist
Kathleen Drew Baker, of the alternate life stage of
Porphyra, the conchocelis phase, which led to the
modern day mass cultivation of Porphyra yezoensis
on semi-submerged rafts in Japan and elsewhere-and the erection of a statue to her on Tokyo Bay.
There is much more to algal cultivation and
exploitation than can be covered in these few words.
In the future the range of uses and products is likely
to grow.Already pilot schemes are under way for the
use of algal extracts as growth promoters in agriculture
and algal turfs as bioremediators and tools to reduce
eutrophication. Exciting progress is also being made
in isolating antimicrobial agents from algae. In the
future, it is likely that genetic engineering will see
the use of algae in the production of energy and a
multitude of specialty chemicals and pharmaceuticals.
IX. Concluding Remarks
This brief introduction serves to inform the reader of
the great diversity that occurs within the group called
the algae (defined as photosynthetic protists and
their multicellular allies). It is indeed in these
photosynthetic characteristics that much of the
diversity of algae and their essential uniqueness are
founded. However at the cellular and body plan level
there is also a fascinating diversity within the algae.
The interested reader is advised to go to the specialist
texts that are referred to below.The following chapters
will illustrate this in great detail. Chapter 2 presents
details on the fine structure of algal plastids which
carry the photosynthetic machinery of algae, while
chapters 4, 5 and 6 explore some of the molecular
biology underlying this plastid diversity. Chapter 3
looks at an intriguing and new group of Cyanobacteria, the prochlorophytes, which possess Chi b
in addition to Chi a. Chapters 7 through II explore
the biochemistry of photosynthetic carbon fixation
and electron transport in algae, where many unique
characteristics of algae are to be found. This is
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Table 1. Plastid genomes of algae. This table was compiled from NCB] and Reith (1995).

Species

Algal Group

Size (kbp)

rRNA
repeat and
orientation

Repeat
size
kbp

Cyanophora
paradoxa

Glaueocystophyta

135.6

2i

12

Porphyra
purpurea

Rhodophyta

191

2

4.8

Cyanidium
caldarium

Rhodophyta

164.9

none

Odontella
sinensis

Bacillariophyta

120

2i

Nephroselmis
olivacea

Chlorophyta

200.8

2i

Chlorella
vulgaris

Chlorophyta

150.6

none

Guillardia
theta

Cryptophyta

121.5

2i

Euglena
gracilis

Eug1enophyta

143.2

Astasia
longa

Euglenophyta

Toxoplasma
gondii

Number
of genes

Accession
number
NCOOl675

166

NC000925

232

NCOOl840

7.7

141

NCOOl713

46

127

NC000927

III

NCOOl865

4.9

183

NC000926

3.5

5.9

108

NCOOl603

73.3

3.5

5.5

Apicomplexa

35

2i

5.3

47

Plasmodium
falciparum

Apicomplexa

35

2i

II

57

Arabidopsis
thalliana

Streptophyta

154

2i

26

139

Mesostigma
viride

Streptophyta

118.3

2i

6

135

131.2

2i

12.4

124

Chaetosphaeridium Charophyta
globosum

NC002652
NCOOl799

NC000932

NC-004115

i, inverse repeat

followed by four chapters (12-15) that describe the
diverse range of light-harvesting strategies and
pigment proteins in algae. The final chapters explore
such aspects as light and UV stress (Chapter 16),
adaptation to light climate (Chapter 17), photosynthesis in macroalgae (Chapter 18) and the
acquisition algae for the purpose of photosynthesis
by a number of animals in fascinating and
economically important marine symbioses (Chapter
19, Yellowlees and Warner).
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Summary
The origin of plastids was by endosymbiosis of a cyanobacterium or an ancestor of cyanobacteria but the exact
origin is still an area of contention. The three groups of primary plastid bearing algae (chlorophytes,
rhodophytes and glaucocystophytes) arose at about the same time. The other algae arose by secondary
endosymbiosis of a plastid-containing primary host by a second host (euglenophytes, cryptophytes,
chloroarachniophytes, chromophytes and apicomplexans). The origin of Chi b is at the prokaryotic stage.
However, the route from a prochlorophyte chlorophyll alb binding (pcb) protein to an algal/higher plant CAB/
CAC protein is not clear evolutionarily. The origin of Chi c, + Chi c2 is probably from MgDVP, which occurs
in prochlorophyte cyanobacteria, but there is no clear evidence on how it, and its association with characteristic
xanthophylls, arose. Thylakoid membrane appression arose along with CAB/CAC proteins but true grana arose
somewhere near the base of streptophytes, which are the forebears of land plants (embryophytes).
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'Only little of certainty is known about the
molecular structure ofthylakoids 'Menke, 1962
I. Introduction

Central to any approach to the structure and function
of plastids is their evolutionary origin. The
explanatory power of evolution is very great when it
is correctly inferred. However, the origin ofplastids
may be so old that definitive statements cannot be
made. Nevertheless, we can make some categorical
statements that help to illuminate the general
background to plastid origins. In general it can be
said that plastids almost certainly arose by
endosymbiosis offree living oxygenic photosynthetic
prokaryotes becoming the plastids of several lines of
mitochondriate protists (protozoa)(Gray, 1992;
Bhattacharya, 1997). The lines of protist descent
clearly show that several hosts were involved and
therefore that several chimaeras were involved in the
formation of eukaryotic algae (Parasso et al., 1989;
Cavalier-Smith, 1992; Bhattacharya, 1997), although
Cavalier-Smith (2000) has proposed that this should
be reduced tojusttwo. A less clear situation surrounds
the question of whether one or more oxygenic
photosynthetic prokaryotes were involved in this
formation, although there is currently a clear
consensus for a single (monophyletic) event
(Chapter I, Douglas et al.).
Photosynthesis is a very ancient process possibly
dating as far back as 3.8 billion years ago (BYA)(Shen
et al., 200 I). Almost certainly photosynthesis began
as a much simpler process, compared to that which is
now found in oxygenic photosynthetic organisms,
i.e. those photosynthetic organisms that use water as
a source of electrons in photosynthetic non-cyclic
electron transport, in a broader process of CO 2
reduction. Today we have a variety of anoxygenic
photosynthetic bacteria and the temptation is to look
to one ofthcse groups as an indication ofthe ancestral
line (Xiong et al., 2000). However even the most
sophisticated approaches (using ChlIBChl synthetic
genes) are not easily interpreted in this regard (Xiong
Abbreviations: ATP - adenosine triphosphate; BYA - billion
years ago; CAB - chlorophyll alb-binding protein; CAC chlorophyll ale-binding protein; ChI - chlorophyll; DI - DI
protein of PS 11; DCMU - 3-(3,4-dichlorophenyl)-I,Idimethylurea; EF - exoplasmic face; LHC - light-harvesting
complex; PBS - phycobilisomc; PF - protoplasmic face; PS 1Photosystem I; PS 11 - Photosystem 11; PSP - phycobiliprotein
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et al., 2000, Blankenship, 200 I). While it is certain
that organisms with an anoxygenic form of
photosynthesis preceded those organisms with
oxygenic photosynthesis we have little sound
evidence on what type of photosynthesis these early
forms possessed.
The Cyanobacteria are currently the only
prokaryotic organisms known to carry out oxygenic
photosynthesis. These organisms were first defined
as having Chi a and phycobilin pigments as their
photosynthetic pigments (Castenholz and Waterbury,
1989). Recently it has been recognized that other
organisms with Chi a + b pigments or Chi a + d
pigments should be recognized as Cyanobacteria
(Turner, 1997; Chapter 3, Partensky and Garczarek).
Fossils resembling cyanobacteria have been dated
to 3.45 billion years ago (BYA) (Schopf, 1993) and
stable isotope data, although much debated, are
consistent with oxygenic photosynthesis in those
organisms (Schidlowski et al., 1983). Fairly definite
proof from chemical fossils places cyanobacterialike organisms no later than 2.7 BYA (Summons et
al., 1999). That oxygen was being generated in the
Earth's atmosphere from at least this time is consistent
with many geological data (Des Marais, 2000),
although the accumulation, above trace levels, was
probably delayed until all the ferric iron deposits in
the Earth's mantle were oxidized, yielding Old Red
Sandstone deposits (Beukes and Klein, 1992; but for
a somewhat different interpretation see Kump et al.,
2001).
Evidence on the age of the modern radiation of
Cyanobacteria is problematical. Molecular phylogenetic reconstruction based on 16S rRNA places
the Cyanobacteria as a relatively recent group (Woese
et al., 1990,Turner, 1997). Thus, while it is generally
acknowledged that the plastids arose from cyanobacterial roots it is by no means certain that they
arose from members, or close relatives, ofthe present
cyanobacterial radiation.
II. Origin of Plastids

As mentioned above, the origin of plastids almost
certainly was by endosymbiosis of an oxygenic
photosynthetic prokaryote (cyanobacterial-like)
organism into several types of mitochondrialcontaining eukaryotic organism (Perasso et al., 1989).
The question is whether one oxygenic photosynthetic
prokaryote (monophyletic hypothesis) or more than
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one was involved (polyphyletic hypothesis)? Many
recent workers in the field have accepted a
monophyletic origin on the basis that molecular
phylogenetic reconstructions, based on l6S rRNA or
other genes, indicates a single root to the plastids and
that that root joins closest to the Cyanobacteria on
the (eu)Bacterial tree (Turner, 1997). However in
reality the evidence for a single branch origin is
currently based on a rather poor statistical basis
(Lockhart et aI., 1999). Furthermore it ignores a
large range ofbiochemical data which indicate many
difficulties with a monophyletic origin.(Larkum,
1998). Moreover it is possible that lateral transfer
(Doolittle, 1998) and sharing of genetic material
during the early event of endosymbiosis (Larkum,
1998)occurred, making a clear-cut decision for either
monophyly or polyphyly difficult. The situation is
further complicated by the fact, as outlined above,
that the plastids probably arose from ancestors of,
but not directly from, members of the present
cyanobacterial radiation. So phylogenetic trees
incorporating modern Cyanobacteria are likely to
yield uncertain results.
Accepting the endosymbiotic theory of plastid
evolution, the first(and according to the monophyletic
hypothesis, the only) event leading to plastids would
have led, after a great deal of loss of autonomy and
reduction in function, to a cyanelle (glaueocystophyte
plastid) or a rhodophyte-type or a chlorophyte-type
plastid. That is, to a plastid with had a specific
complement of photosynthetic pigments, specific
characters ofthylakoid arrangement, and an envelope
with two membranes, probably representing the
plasma membrane of the prokaryote together with a
periplasmic membrane. On the other hand, the
outermost membrane could be the investing vacuolar
membrane of the Eukaryotic host-but this is less
likely (Cavalier-Smith, 2000). Either scenario carries
with it difficulties in evolving the other types of
plastid from the first. Alternatively the first plastid
could have contained a suite of photosynthetic
pigments from all three types of plastids (Bryant,
1996), derived from an ancestral cyanobacterium, no
longer extant. Questions would then have to asked as
to why such a plastid with a very diverse array of
photosynthetic pigments was not conserved in
evolution, either at the prokaryotic or eukaryotic
level oforganization. In fact such a plastid does exist
in the Cryptophytes, where the pigment composition
is Chi a, ChI e2 , and either phycocyanin or phycoerythrin. Unfortunately the plastid in this case has
four envelope membranes and is the result of a
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secondary endosymbiosis (i.e. two serial endosymbioses)(Cavalier-Smith, 2000; Chapter 1,
Douglas et al.). The possibility that such a plastid
came from a primary, ancestral plastid has not been
given serious consideration. And such an evolutionary
event does not account for the origin of the ChI b
suite of genes (Chi a oxygenase, Ihc: light harvesting
chlorophyll alb binding protein or pcb: prochlorophyte light harvesting chlorophyll alb binding
protein)(Chapter 4, Durnford) so any explanation,
based on a monophyletic hypothesis, must be by
some other evolutionary route.
In the face ofthis hiatus in our present knowledge
it is best to reserve judgment and to recognize that
there are three types of plastids with two envelope
membranes which are probably the result of one
endosymbiosis-rhodophyte plastids, chlorophyte
plastids and the cyanelles of glaucocystophytes; and
that there are a number of other plastids, with three
membranes (euglenophytes, dinoflagellates), or four
membranes (chromophytes, ehlorarachniophytes,
cryptophytes) which are the result of two, or more,
serial endosymbioses. Note: Here the term chromophyte is taken to encompass all those groups which
have ChI c j and/or c2 [the main groups (phyla) of
which are: chrysophytes, haptophytes, phaeophytes,
bacillariophytes and dinoflagellates, but suggestions
have been made to include other phyla](note, also,
the suffix' -phyte' has been used here rather than the
'phyta' to acknowledge the fact that common names
are used in a number ofcases, such as dinoflagellates).
Other classifications are possible (Cavalier-Smith,
2000).
The origin of the outermost envelope membrane
in secondary plastids which have three or four
membranes (chromophytes, chloraracniophytes and
euglenophytes) is likely to be derived either from the
endoplasmic reticulum or from the enveloping
membrane ofthe phagocytotic membrane (CavalierSmith, 2000).
Each of these plastid types will now be reviewed
briefly. The major details are summarized in Fig. 1
and Table I.
III. Chlorophyta Plastids

Plastids with two envelope membranes are present in
all photosynthetic chlorophytes (Fig 2a). The host
cell is allied to Amoebozoa (Cavalier-Smith, 1998)
and has strong affinities with the rhodophyte host
cell (Moreira et aI., 2000). The group is thought to
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a) Glaucocystophyte

chloroplast envelope
phycobilisome
"carboxysome"

DNA

single thylakoid
peptidoglycan wall

c) Rhodophyte

b) Chlorophyte
--=;:;::::::::=::::;:::::~~~}-

chloroplast envelope

PhYCObiIiSom~e~~~~~~~~~

stroma
DNA

stacked
} th lakoids
unstacked
y
girdle thyiakoid

e) Phaeophyte, Chrysophyceae,
Diatom, Haptophyte, Xanthophyte

d) Cryptophyte
chloroplast

_~~~~~~~~~}- endoplasmic
~
reticulum

ribosome

phycobiliproteins
thylakoid membrane
adhesion site
nucleomorph

girdle
thylakoid
band

f) Dinoflagellate, Euglenophyte

1111illliJJ~

chloroplast envelope
three membrane
thylakoid band

Fig. 1. Diagrams to show the typical arrangement of plastid envelopes and thylakoids in a) glaucocystophytcs; b) chlorophytes;
c) rhodophytes; d) cryptophytes; e) chrysophytes, phaeophytes, diatoms, xanthophytes, haptophytes, etc and f) dinoflagellates and
cuglenophytes.
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Table 1. Major characteristics of the algal groups and cyanobacteria
Phylum

Chi /PBP

Major
Carotenoid

Plastid

Stored food

Cell wall

Haptophytcs
Phaeophytes
Bacillariophytes
Chrysophytes
Eustigmatophytes
Xanthophytes
Dinoflagellates
Cryptophytes

a+cl+cZ

fucoxanthin
fucoxanthin
fucoxanthin
fucoxanthin
violaxanthin
heteroxanthin
pcridinin

3, 4 OMs
3,40Ms
3,4 OMs
3,4 OMs
3,40Ms
3,4 OMs
3,3 OMs

c'laminarin
laminarin
laminarin
c'laminarin
c'laminarin
c'laminarin

alloxanthin
violaxanthin

2,40Ms
2-6,40Ms

cellulose, alginate 2 equal, smooth
cellulose, alginate 1-2,unequal,hairy
silica, alginate
Male only: I hairy
cellulose, silica
1-2,unequal,hairy
cellulose,
1-2,unequal, I hairy
cellulose
1-2,unequal, I hairy
cellulose, theca
2,unequal, I hairy
2+/- equal, hairy
absent

diadinoxanthin
none
violaxanthin
siphonaxanthin
zeaxanthin
lutein

a+cj+cz
a+cj+cz
a+cj+c z

a
a+cj+cz

a+c z
a+c 2+PBP

Chlorarachniophytes
Euglenophytes
Apicomplexans
Prasinophytes
Chlorophytes
Charophytes
Glaucocystophytes

a+b
a+b
none
a+b (c-like)
a+b
a+b
a+PBP

Rhodophytes
Cyanobacteria
Cyanobacteria
(prochlorophytes)
Cyanobacteria
(Acaryochloris)

a+PBP
a+PBP

lutein
echincnone

a+b±c-like
±PBP
a+d +PBP

echinenone

3,3 OMs
none, 4 OMs
2-6,2 OMs
2-6,2 OMs
many, 2 OMs
0,2 Oms
+pepidoglycan
wall
0,2 OMs
none
none

echinenone

none

starch, lipid
starch
starch
paramylon

Flagellar type

cellulose
cellulose

lacking
2-several,hairy

?
starch
starch
starch
starch

none
cellulose
cellulose
cellulose
cellulose/xylan

none
4, scaly smooth or hairy
2(4),equal, smooth
2 equal hairy or scaly
lacking

flor. starch
myx. starch
myx. starch

cellulose/xylan
murein
murein

lacking
lacking
lacking

myx. starch

murein

lacking

Flor. starch, floridean starch; myx. starch, cyanophycean starch; PBP, phycobiliprotein; OM, plastid envelope membranes;.c'laminarin.
chrysolaminarin. Plastid: the first number refers to the typical number of stacked thylakoids; the second number refers to the number of
outer membranes (OM).

originate from a monophyletic primary endosymbiosis (ofa cyanobacterial cell), but there is little
evidence on what events preceded the formation of
the characteristic green plastid of chlorophytes and
higher plants.
The plastid of chlorophytes can develop from a
proplastid into a chloroplast, an amyloplast or a
chromoplast, all of which have a two-membrane
envelope. Alternatively chloroplasts divide by binary
fission. The chloroplast always has a reticulate
arrangement ofthylakoids in which the light-reaction
apparatus provides the major integral proteins. The
thylakoids become appressed in certain regions
(Staehelin, 1986), i.e. they come close together with
a gap between the membranes ofless than 2 nm (Fig
2a). Stacks ofappressed membranes may occur with
up to five layers in a stack. However, the arrangement
with grana, as in higher plants is rare. Recently it has
been shown that there are two major lines ofradiation
in chlorophytes both deriving from a prasinophyte
ancestor-the chlorophyte line (which gave rise to
the major groups ofgreen algae) and the streptophyte

line (which led to the charophytes and to the land
plants)(Turmel et al., 2002). The later taxa on the
streptophyte line (Coleochaetales and Charales) have
arrangements ofthylakoid stacks which are like true
grana. Recently Gunning and Schwartz (1999) have
used fluorescence from photosystem II with a
confocal microscope system to view concentrations
ofPS II in chlorophyte plastids. The results (Fig. 3)
show that appression, with resultant increase in
fluorescence, occurs in all taxa but that the typical
grana of higher plants only occur in Colcochaetalcs
(Klebsormidium in Fig. 3D) and Charales (Nitella in
Fig.3E).
Circular plastid DNA (240-340 kbp) is located in
the stroma of the plastids. Calculations show that
over 95% of the DNA of the original free-living
prokaryote have either been lost or has moved to the
nuclear DNA (Abdallah et al., 2000; Arabidopsis
Genome Initiative, 2000). Important genes for plastid
function encoded on the nuclear DNA are cab, rbcS.
Starch is formed both in chloroplasts and in
amyloplasts. Pyrenoids are present inside the plastids.

16

Anthony W. D. Larkum and Maret Vesk

Fig. 2. a. Tetraselmis suecica (Prasinophyceae). Detail of chloroplast showing 2-membraned chloroplas t envelope (arrowheads) and
appressed thylakoids . Scale bar = 0.5 us«. b. Griffithsia pa cifica (Rhodophyceae). Chlorop last is surrounded by a two-membran ed
envelop e (arrowhead) with the thylakoid s separate from each other. Scale bar = 0.5 )1.m (Micrograph by Dr T.P.Dibbayawan) . c.
Griffithsia p acifica (Rhodophyce ae). Detail ofthylakoids showing phycobilisomes (arrowhead) lying on the surface. Scale bar = 100 nm.
d. Rhodosorus maritima (Rhodophyeeae). Detail of thylakoids, arrowhead points to the stalk of the phyeob ilisome . Scale bar = 100 nm.
(Micrograph by Dr T.P.Dibbayawan) .

Rubisco is of cyanobacterial ongm (type 1) and
various affinities are found for CO 2 (Chapter 11,
Raven and Beardall). Carbon concentrating mechanisms are found in some but not all chlorophytes
(Chapter 11, Raven and Beardall).
IV. Rhodophyte Plastids

Plastids with two envelope membranes are present in
all rhodophytes (Fig. 2b).These plastids are proposed

to have evolved from the same endosym biotic event
that led to green plastids (Doug las, 1998, CavalierSmith, 2000) . The host cell is allied to Amoebozoa
(Cavalier-Smith, 1998) and has strong affinities with
the chlorophyte host eell (Morei ra et al., 2000) .
However there is littl e evidence on how, in
evolutionary terms, the red plastid came to differ so
considerably from the typical green plastid and a
case for a separate origin has been made (Stiller et
al., 2003) . The plastids divide by binary fission. The
outermost membrane ofthe envelope may be derived
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Fig. 3. Confocal images of chlorophyll fluorescence in various chlorophytes. A. Oedogon ium (specie s unknown, local collection) ;
x3,300. B. Cladop hora (species unknown , local collection); x2,800. C. Spirogyr a (species unknown , local collection) x3 1O. C.(Inset)
Spirogyra as in C. at x3000. D. Klebsormidium fiaccidum (UTEX #LB20 17) x2,300. E Nitella translucens (Wasteneys collection)
x24000. All scale bars 5 JIm except low magnification of Spiro gyra which is 100 JIm. Micrograp hs kindly provided by Brian Gunning:
for further details and descriptio ns, sec Gunning and Schwartz, 1999. See Color Plate 2 .

from the periplasmic membrane of Cyanobacteria,
as in chlorophytes, but this is not proven. Rhodoplasts
may develop from proplastids which contain a single
(or more rarely, no) girdle thylakoid .They also divide
by binary fission. The rhodoplast typically has an
arrangement of linear thylakoids where the lightreaction apparatus is present both as integral and
peripheral proteins. Sometimes there is a periplastidial
thylakoid which follows the contours ofthe envelope.
The thylakoids are never appressed. The two
photo systems are embedded in the membrane as in
all thylakoids , but the major light harvesting system ,
the phycobilisome (PBS), made up of phyco-

biliproteins (Chapte r 14, Toole and Allnutt) , lies in
the stroma (Fig. 2d). The PBS are attached to the
thylakoid membrane by a stalk region (Fig. 2d)
composed of allophycocyanin and anchor proteins
(Chapter 14, Toole and Allnutt). In rhodophytes the
PBS are generally hemisphaerical, in contrast to
Cyanobacteria where they are hemidiscoidal (Chapter
14, Toole and Allnutt), and there are a number of
differences in the phycobiliproteins found in
rhodophytes and Cyanobacteria (Chapter 14, Toole
and Allnutt) . Thus while the Cyanobacteria could
have provided the source of the primary endosymbiont , evolutionary changes have occurred which
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differentiate the extant structures of red plastids
from similar structures in extant Cyanobacteria.
Circular plastid DNA (170-190 kbp) is located in
the stroma of the plastid, usually towards the center
and may be attached by membranous tubules to the
adjacent thylakoid. The red algal plastid DNA of
Porphyra purpurea comprises some 255 genes as
compared with about 110-138 genes in higher plant
plastid genomes (Reith and Mulholland, 1993; Reith,
1995; Table 1, Chapter 1, Douglas et al.). However
only about 54% of these genes are the same as in
higher plant plastid genomes. Clearly, just as in
green plastid genomes (above) most of the original
DNA of the free living ancestor has either been lost
or has been transferred to the host genome. An
important gene family on the nuclear genome is cab.
Starch granules are located outside rhodoplasts
but pyrenoids are present inside rhodoplasts. Rubiseo
is a-proteobacterial in origin (type I) and has various
affinities for CO2-some being the highest known
for any algae or plants (Chapter 11, Raven and
Beardall). It is concentrated in the pyrenoids. Carbon
concentrating mechanisms are found in a variety of
rhodophytes (Chapter 11, Raven and Beardall).

Toole and Allnutt), lies in the stroma. The PBS, with
phycocyanin and allophycocyanin are attached to the
thylakoid membrane by a stalk region composed of
allophycocyanin and anchor proteins. As in
Cyanobacteria PBS are hemidiscoidal (Chapter 14,
Toole and Allnutt). Phycoerythrin appears not to be
present.
Starch is produced but outside the plastids in the
host cytoplasm, as numerous starch granules, and
'carboxysomes' (rather than typical pyrenoids) are
present. Circular plastid DNA (134 kbp; Stirewalt et
al., 1995) is located in the center ofthe plastids, often
attached to the carboxysome. Just as in the plastids of
chlorophytes and rhodophytes most of the DNA of
the ancestral free-living form has either been lost or
transferred to the nuclear DNA. About 150 genes
remain on the plastid genome. An important gene on
the nuclear genome is Fnr. The large and small
subunit of Rubisco are encoded by the plastid genome.
Rubisco is of cyanobacterial origin (Type 1) and
various affinities are found for the Rubisco enzyme
(Chapter 11, Raven and Beardall). The presence of
'earboxysomes' suggests that a carbon concentrating
mechanism is present.

V. Cyanelles (Glaucocystophyte Plastids)

VI. Cryptophyte Plastids

Plastids are present in a number ofglaucocystophytes
(Cyanophora paradoxa, Glaucocystis). Previously
they were known as cyanelles; however it is now
clear from fine structure and genetic studies that they
are comparable to plastids. The host cell is allied to
biflagellates in the 'Crown' group of protists, and
shows closest affinities with erytophytes, which
themselves are allied to the heterokont and haptophyte
taxa (Bhattacharya et al., 1995; Cavalier-Smith et
al., 1996); however Moreira et al., (2000) found an
affinity between the glaucocystopyte host cell and
the ancestor of the ehlorophyte/rhodophyte host cell,
based on six concatenated gene sequences.
The plastid divides by binary fission, and has a
two-membrane envelope and a peptidoglycan wall.
Thus there is better evidence here that the outermost
membrane of the envelope may be derived from the
periplasmic membrane of Cyanobacteria. The
eyanelles have an arrangement of thylakoids very
similar to Cyanobacteria. The two photo systems are
embedded in the membrane as in all thylakoids, but
the major light harvesting system, the phycobilisome
(PBS), made up of phycobiliproteins (Chapter 14,

Plastids are present in most but not all cryptophytes
(Hill, 1991). However, the host organism, a
biflagellate, clearly has the potential to acquire
symbionts; more than one type ofplastid may in fact
occur in the same host. In addition a number of
cryptophytes do not possess plastids (aplastidial).
The plastid develops from a proplastid which has a
four-membrane envelope (Fig. 4b). The inner pair of
envelope membranes appears to be similar to the
two-membrane envelope ofrhodoplasts and chloroplasts. The outer pair of membranes is made up of
membranes which may be the plasma membrane of
the first host and the endoplasmic reticulum
membrane of the second host. A nucleomorph lies
between the outer and inner pair of envelope
membranes. The nucleomorph (Fig. 4b) is a reduced
nucleus with nuclear membrane, three chromosomes
and ribosomal apparatus. The chromosomes have
been fully sequenced and indicate that the first host
was a red alga (Douglas and Penny, 1999; Douglas et
al., 2001).
The chloroplast contains thylakoids which are
arranged in pairs (Fig 4a). It has been argued that the
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Fig. 4. Rhodomonas salina (Cry ptophyceae). a. Chlorop last with thylakoids arranged mostly in pairs. Scale bar = 0.5 tim. Inset shows
the electron dense contents (arro whead) in the thylakoid lumen. Scale bar = 100 nm. b. The chloroplast is surro unded by a twomembraned envelope (arrowhead) and two mem branes ofthe chloroplast endoplasm ic reticulum (double arrow head). A nuclcomorph (n)
is present in the periplastidial compartment. Scale bar = 0.5 tim.

degree of appression is not a tight as in other appressed
thylakoids-the space between being up to 4-8 nm
(Staehelin, 1986) and showing regular dense regions
which have been called adhesion patches (Dwarte
andVesk, 1983).The thylakoids bear the light-reaction
apparatus as integral and periphe ral proteins. The
photosystems are inserted as integral proteins together
with a light-harvesting complex (CAC) which binds
Chi a + c]' However, in addition a phycobiliprotein
system exists. Unlike the rhodopl asts and cyanobacterial PBS system, the PBP s are not arranged in a
multimolecular complex but are present in the
intrathylakoid space and it has been proposed that it
is this material that gives rise to the electron dense
appearance of the intrathy1akoid (lumenal) space in
crypt ophytes (Fig. 4a insert ). As far as is known only

cryptophyte phycoerythrin or cryptophyte phycocyanin are present in any single spec ies (Marin et aI.,
1998). Thes e proteins have a unique stru cture
(Chapter 14, Toole and Allnutt). How these single
proteins transmit absorbed energy to the photosystems
is not well known. Aggregations of these proteins
may give rise to a system that can transfer energy to
the photosystems in the thylakoid membrane (Larkum
and Howe, 1997).
Starch is formed and granules usually lie together
with pyreno ids within the periplastid space between
the two inner envelope membranes and the outerpair. In addition to the nucleomorph DNA (above),
there is a normal circular plastid genome .The circular
plastid DNA ( 121 kbp in Guillardia theta; Douglas
and Penny, 1999), is located in the stroma. The
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plastid genome contains 70 structural genes so that,
as in other plastids, most ofthe original genes must
either have been lost or have moved to the nuclear
DNA. The chromosome has two inverted repeats
each of 4.9 kbp. Important genes on the nuclear
DNA arc Cac (Chapter 4, Durnford) and CpcA.
Rubisco is of rz-proteobacterial origin (type I) and
various affinities are found for CO 2 , (Chapter II,
Raven and Beardall). Carbon concentrating mechanisms have not been studied.
VII. Chlorarachniophyte Plastids
The host cell is allied to filose amoebae (Rhizoamoeba) and sarcomonads (McFadden et a!., 1997a).
The plastid develops from a proplastid which has a
four-membrane envelope. The arrangement of
membranes is similar to that in cryptophytes (above):
there is a residual nucleus (nucleomorph) of the
putative primary host, similar to that ofcryptophytes,
with three chromosomes and ribosomal apparatus
(MacFadden et al 1997a).
The plastid appears to be most closely related to
the green plastid of green algae and has similar CAB
genes/proteins (Durnford et a!., 1999, Deane et a!.,
2000, Chapter 4, Durnford). The chloroplast contains
thylakoids which are appressed in groups of2-6like
chlorophyte chloroplasts. The arrangement of
photosystems and light harvesting proteins (CABs)
is also similar to green algae (Chapter 4, Durnford).
Starch is formed in plastids. Pyrenoids are present.
Circular plastid DNA has a size of 190kbp. Important
genes on the nuclear DNA are Cab, SSU Rubisco. As
mentioned above there is also a nucleomorph with
many genes on three chromosomes.
Rubisco is of cyanobacterial origin (type I). The
presence or absence of a carbon concentrating
mechanism remains to be demonstrated.
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equal flagella that arise from the cytoplasm into a
pocket at the anterior of the cell. Both groups also
have mitochondria with disc-shaped cristae.
The plastid, of which there may be several in each
cell, has three envelope membranes (Fig. 5b). It has
been proposed that the origin of the plastid is by a
secondary symbiosis of a green plastid-containing
organism (Gibbs, 1978). If so all trace ofthe nucleus
of the primary host has been lost. Nevertheless clues
may lie in the secondary host genome (Linton et aI.,
1999). The plastids lie in the cytoplasm and it has
been argued that the outer envelope membrane (of
the three) represents either the remains of the
phagocytosing membrane of the secondary host or
the plasma membrane ofthe primary host, but this is
uncertain. The outer envelope membrane is neither
lined with ribosomes nor is it connected to the nuclear
envelope membrane, as is the case with many
chromophyte plastids.
The chloroplast contains thylakoids which are
appressed in groups of three (Fig. 5a). The
arrangement of photo systems and light harvesting
proteins (CABs) is similar to green algae (Chapter 4,
Durnford). However SSU rRNA and gene sequence
studies indicate an ancient separation between the
two types of plastid (van der Peer et al., 1999). The
circular DNA has a size of 143 kbp comprising 108
genes (Hallick et a!., 1993). In Euglena gracilis there
are two 64 bp tandem repeats plus a tandem array of
three complete repeats and one partial repeat of the
ribosomal RNA operon.
A cyanobacterial (type I) Rubisco is present and a
carbon concentrating mechanism is also present.
Paramylon starch is formed in plastids surrounding
pyrenoids.
With the habit of euglenophytes to engulfforeign
bodies, it is not surprising that many types of possible
symbionts have been found, some ofwhich may have
lost genes to the host nucleus or to plasmids.
Euglenophytes are therefore a useful potential tool
for studying mechanisms for endosymbiosis.

VIII. Euglenophyte Plastids
The host cell is a flagellate closely related to
kinetoplastids (Sogin et a!., 1986), which are all nonphotosynthetic, but there are other distinct differences
between the two taxa. Over 60% of euglenoids are
non-photosynthetic. Some of the latter retain a
colorless plastid (e.g. Astasia) but many have lost
even this (Whatley, 1993). Euglenophytes and
kinetoplastids are characterized by having two sub-

IX. Dinoflagellate Plastids
Dinoflagellates are distinctive protists allied to
alveolates (Cavalier-Smith, 2000). Most are
unicellular with two flagella of different types which
give a characteristic rotary motion to their motility
(hence the formal name, Pyrrophyta); for a good
summary of dinoflagellate features, seeTaylor(1990).
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Fig. 5. a. Euglena pisciformis (Euglcnophyceae). Chloropla st with thylakoids often grouped in threes. Scale bar = 0.5 11m. b. Eutreptia
viridis (Euglenophyceae). Detail of chloropla st surrounded by a three-membraned envelope (arrowhe ads). Scale bar = 0.5 Jim. c.
Gym nodinium sanguineum (Dinophyceae). Chloroplast surround ed by a three-membraned envelope (arrowhead s) and thylako ids mainly
grouped in threes. Scale bar = 0.5 Jim.

There are many other novel features ofcell structure,
such as chromosomes which are permanently
condensed and lack histones and a series of cell
plates which lie below the cell membrane. A number
of dinoflagellates lack flagella and/or cell plates and
are amoeboid, coccoid or filamentous. Many dinoflagellates (approx 50%) are non-photosynthetic.
Those that are, normally contain one or more typical
dinoflagellate plastids. However the dinoflagellates
are capable of a flexible autotrophic/heterotrophic
nutrition which includes taking in other plastids,
which occur in a variety of dinoflagellates. Some
dinoflagellates appear to have obtained cryptophytelike or green plastids (Wilcox and Wedemayer, 1984),
while in others there is a diatom-like plastid (Chesnick

et aI., 1997). Typically they possess plastids, which
contain the unique xanthophyll, peridinin and which
possess a number of other unique features. These
typical plastids, which lie in the cytosol, possess
three envelope membranes (Fig. 5c)(Taylor, 1990).
However no nucleomorph, or indication ofa vestigial
nucleus of a primary host, exists . Nevertheless it is
generally assumed that the existence of three
membranes is indicative oftwo serial endoymbioses
(see Cavalier-Smith, 2000). Clues as to the first host
are not readily available (although genes transferred
to the secondary host nucleus may provide some
clues-Saunders et a!., 1997). The thylakoids are
appressed, typically in groups of three , although
groups oftwo may be found in some species (Taylor
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1990). The two photosystems and the major lightharvesting protein (CAC) are embedded in the
thy1akoid membrane. The major light-harvesting
carotenoid is the xanthophyll, peridinin. In addition
to the intrinsic CAC protein which binds ChI a, ChI
C 1+ C2 and peridinin, there is a water-soluble lightharvesting protein (peridinin-chlorophyll protein
complex, PCP) exists which is possibly located in the
thylakoid matrix space (Larkum and Howe, 1997).
Starch is formed outside the plastids in the cytosol.
Pyrenoids are present, usually inside the plastids or
attached by a stalk. No single circular DNA has been
observed: a number ofminicircles have been isolated
which may represent a fragmented plastid genome
(Zhang et aI., 1999; Barbrook and Howe, 1999).
Only about 12-14 genes have so far been found
suggesting that far more genes have been lost or
transferred to the nucleus that in other algae. An
important gene on the nuclear DNA is Cae; however
it is possible that not all genes on the DNA minicircles
have been identified.
Rubisco is derived from a type II proteobacteria1
origin and has a range of affinities with CO 2
(Chapter 11, Raven and Beardall). Carbon concentrating mechanisms has been found recently
(Yellowlees et aI., 1999; Chapter 19, Yellow1ecs and
Warner).

x. Chrysophyte (Ochrophyte) Plastids
'Chrysophyte' is a term used here to encompass a
specific group ofchromophyte algae (algae with ChI
C on a CAC binding protein, and four membranes
enveloping the plastid); the name Ochrophytes has
also been proposed for this group (Graham and
Wilcox, 2000; Cavalier-Smith, 2000). They are
separated from the next, diverse group of algae (XI)
by several basic cellular features, but both groups
have been included in the broader groups, heterokonts
and stramenopiles. The name heterokont refers to the
two different but characteristic flagella. The name
stramcnopile refers to the characteristic three-tiered
structure of one ofthe two types of flagella (Patterson,
1989).
Groups X and XI include all those algae loosely
grouped under the chromophytes, with the exception
of haptophytes, cryptophytes and dinoflagellates.
They represent a very diverse group ofalgae including
phaeophytes (brown algae), diatoms, raphidophytes,
synurophytes eustigmatophytes, pelagophytes,
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silicoflagellates, pedinellids, chrysophyceans (a
circumscribed taxon from which the whole group
gets its name), xanthophytes and other, less certain,
taxa. The group is allied to the Oomycetes and to
various non-photosynthetic taxa such as labyrinthulids, thraustrochytids, bicoecids, alveolates and even
more distantly, haptophytes. (Cavalier-Smith and
Chao, 1996). It has been argued that the broad group
arose by secondary endosymbioses and that the
primary host was probably also photosynthetic
(Cavalier-Smith 1998). The plastid is thought to be
derived from a red alga (Douglas, 1998; CavalierSmith, 2000) but, as pointed out in Section II, the
argument is not easily sustained.
Chrysophytes (Ochrophytes) as here termed
include the golden brown biflagellate unicellular
algae with a silicified stomatocyst resting stage. Also
included in this group are the closely related but
distinct synurophytes. Chrysophytes contain one or
more plastids per cell. There are four envelope
membranes, but no nucleomorph exists, nor
indication of a vestigial nucleus of a primary host.
Nevertheless it is generally assumed that the existence
offour membranes is indicative oftwo serial endoymbioses. Clues as to the first host are not therefore
available, except maybe in genes transferred to the
second host nucleus (Cavalier-Smith et aI., 1996).
The outermost membrane is part of the rough
endoplasmic reticulum (RER) of the second host
(Fig. Ie). The next membrane is thought to be the
plasma membrane of the first host (Cavalier-Smith,
2000). The two inner membranes are thought to be
similar to the two membranes of primary plastids.
The thylakoids are appressed, typically in groups of
three, although this arrangement is fairly flexible
(Fig. 1e).There is characteristically a girdle thylakoid.
The two photosystems and the major light-harvesting
protein (CAC) are embedded in the thylakoid
membrane. The major accessory chlorophylls are
Chi c 1 + c2 • The major light-harvesting carotenoid is
fucoxanthin.
Chrysolaminarin is formed in the plastids.
Pyrenoids are often present inside the plastids, but
not universally. Circular DNA has been observed
and the size is from 118-134 kbp. Two inverted
repeats of 5-28 kbp. From 40 to 100 genes are
present. An important gene on the nuclear genome is
Cab, but both rbcS and rbcS are on the plastid
genome.
Rubisco has a type I rz-proteobacterial origin and
has a range of affinities with CO 2 and carbon
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Fig. 6. Heterosigma carterae (Raphidophyceae). Chloroplast surround ed by a two-rnernbraned chloroplast enve lope and two membranes
of chloropl ast endoplasmic reticulum (arrowheads).Thyl ako ids are mostly arranged in groups of three . Scale bar = 0.5 flm

concentrating mechanisms are probably present
(Chapter II, Raven and Beardall).

replaced by vaucheriaxanthin, and from xanthophytes,
replaced by heteroxanthin (Table I) .

XI. Phaeophyte, Bacillariophyte,
Eustigmatophyte, Raphidophyte ,
Synurophyte, Pelagophyte, Silicoflagellate,
Pedinellid and Xanthophyte Plastids

XII. Haptophyte Plastids

As mentioned above, this assemblage of algae,
together with the chrysophytes, have been grouped
together as the heterokonts or stramenopiles in the
past, based on the presence oftwo dissimilar flagella
and flagellar structure. In terms of plastid structure
and arrangement they are also all very similar. Thus
the same characteristics as for the chrysophyte
(ochrophyte) group app lies here too. They have four
enve lope membranes (Fig. 6) and thylakoids
appressed in groups ofthree .They all have accessory
Chi c 1 +c2 , with the exception ofthe eustigmatopytes
which possess only Chi a; but the presence in eustigmatophytes ofa CAC light harvesting protein, which
binds Chi a + violaxanthin, indicate s affinities with
the group as a whole . The presence of one or more
other Chi c's (e.g. Chi c3 ) has not been found to be
phylogenetically informative up to the present time
(Jeffrey, 1989).The majority also possess fucoxanthin
as the major light harvesting carotenoid (Rowan,
1994). However, fucoxanthin is absent from the
eustigmatophytes (as is ChI c) , replaced by
violaxanthin, from raphidophytes and tribophytes,

Haptophyte (Prymnesiophyte) algae have been
separated for many years from the previous two
groups on morphological grounds (principally the
difference in the flagella and the presence ofcoccolith
scales and a haptonema). This separation is supported
by SSU rRNA analyses (Cavalier-Smith and Chao ,
1996).
The plastids (one or two per cell) are closely
similar to those ofthe chrysophytes (above), leading
to the suggestion that there either was a sing le
secondary endosymbiosis that subsequently led to
the two groups or that two paralle l secondary
endosymbioses occurred from the same primary
host yielding two different secondary hosts. Chis a
and Chi c J + c2 are present. Fucoxanthin is present in
some but not all taxa and, in those taxa where it is
absent, diadinoxanthin or diatoxanthin are the major
pigments, together with ~carotene . Some taxa may
also contain Chi cJ while in others the Chi c s have a
phytol tail (Zapata and Garrido, 1997), which is
normally absent in Chi c.
The haptophyte plastid genome has not been
sequenced.
As in chrysophytes Rubisco is of the a-proteobacterial type I. A carbon concentrating mechani sm
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is present, as is a pyrenoid which lies in the plastid.
As in chrysophytes, chrysolaminarin is the major
polysaccharide store, occurring in cytoplasmic
vesicles.
XIII. Apicomplexan Plastids
Many sporozoan parasites (e.g. the malaria organism,
Plasmodium) have a vestigial plastid, indicating that
ancestors of these organisms were once photosynthetic, and that part of the plastid metabolic
machinery is indispensable to the present organisms-probably the fatty acid synthesis enzymes
(McFadden et al., 1997b; Waller et a1., 1998). Today
their light reaction machinery is largely absent,
although sensitivity to DCMU and atrazine have
been reported (McFaddcn et al., 1997b). The vestigial
plastid genome is of size 35 kbp and codes for some
15 genes (Denny et a1., 1998). The plastid vestige has
four envelope membranes and lies in the cytosol.
Rubisco is derived from a type II proteobacterial
origin and starch is found in the cytosol.
XIV. Kleptoplastids
Several marine or fresh water animals are known to
ingest algal material and to retain plastids from that
material for long periods of time, eg dinoflagellates,
opistobranch (sacoglossan and ascoglossan) molluscs
(Raven et aI., 2001; Chapter 19, Yellowlees and
Warner). These associations appear to be temporary
and therefore are not considered as true endosymbioses. They do however indicate a) possible
events of primary endosymbiosis and b) the facility
by which secondary endosymbioses may have
occurred,
XV. Microstructure of the Thylakoid
Membrane
Biochemical and biophysical studies have shown
that in photosynthetic pigment arrays the chromophores are specifically arranged to be in close
proximity and to interact with one another to give
directional and rapid transfer of excitation energy to
the reaction centers. Two important points need to be
considered here in terms of algal photosynthesis, i)
the arrangement ofthe photosystems in the thylakoid
membranes and ii) the distribution of excitation
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energy between PS I and PS II (Chapter 13, Larkum).
The major question here is can we apply the
considerable knowledge concerning higher plant
plastids, or does the diversity of photosynthetic
systems ofalgae mean that there are basic differences
between the mechanisms of higher plant and algae.
Clearly the phycobilisome systems ofCyanobacteria
and red algae should be the focus of much attention
here (Chapter 14, Toole and Allnutt) but the systems
in such algae as cryptophytes, dinoflagellates and
chrysophytes are also sufficiently different to those
ofgreen algae and higher plants to raise questions of
this sort.
A. Freeze-fracture Particles and Biochemical
Evidence

Much ofthe evidence on the arrangement ofpigmentprotein complexes in vivo in thylakoid membranes is
based on i) intra-membrane particles revealed by
freeze-fracturing techniques of electron microscopy
(Staehelin, 1986) and ii) immunolocalization (Song
and Gibbs, 1995). Early freeze fracture studies on
higher plant chloroplasts indicated that small particles
(70-80 A diameter) on the protoplasmic face (PF)
could be assigned to PS I complexes, since they
occurred on stroma lamellae which exhibited only
PS I activity, and that large particles (140-180 A
diameter) on the exoplasmic face (EF) could be
assigned to PS II complexes, as they occurred in
appressed thylakoids enriched in PS II activity. More
recent studies have largely confirmed these findings
but in addition to the PS I PF particle of 70-80A
there are several other protein complexes, including
LHC, the cytochrome bJcomplex and the Fo complex
of the ATP synthase of a similar size. The large
freeze-fracture EF particle is the site ofPS II (Larkum
and Barrett, 1983; Staehelin, 1986) and enlarges
from a size 80 A to 164 A during greening when
LHCs, the light harvesting complexes, are added.
Electron diffraction has allowed the dimeric structure
ofPS II to be seen in detail (Hankamer et aI., 1997,
Rhcc et aI., 1998). Similar large particles have also
been seen in Euglena gracilis (Euglenophyta)
(Dubertret and Lefort-Tran, 1981) and a number of
green algae (Staehelin, 1986). In Cyanobacteria,
Glaucocystophyta and Rhodophyta, where the major
light-harvesting complex, the phycobilisome, lies in
the cytoplasm/stroma, the PS II complex, with a
small antenna unit, can be assigned to a 100 A EF
particle. Several publications have confirmed the
earlier observation (Larkum and Barratt, 1981) that
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phycobilisomes may lie in rows and overlie EF
particles and interestingly, in relation to the current
evidence that PS I occurs naturally as a trimer in
Cyanobacteria (Jordan et al., 2001), whereas PS II
occurs as a dimer (Rhee et al., 1998; see also
Chapter 7, Nugent et al.); work on PBS arrangement
has shown that the ratio ofPBS to PS II is 0.6 (Tsekos
et al., 1996) and that there the large PF particles can
be tentatively assigned to trimers ofPS I (Westerman
et al., 1994).
In several chromophyte algae, Dwarte and Vesk
(1982) have found that EF particles (100-160 A) are
largely located in appressed regions of thylakoid
membranes. This and other evidence (below) indicates
that thylakoid appression serves a purpose in
promoting cooperation between neighboring PS II
units in chromophyte and green algae, even though
the very strong cooperativity developed in streptophyte algae has not been evolved (see next section).
Subfractionation of thylakoids in higher plant
thylakoids has shown that there exists a heterogeneous
arrangement of PS I, PS II and the major light
harvesting protein (LHCII): PS I is concentrated in
the intergranal regions and on the outer edges of the
granal stacks; PS II and LHCII are concentrated in
the granal appressed regions. This has been given the
name of lateral heterogeneity (Andersson and
Anderson, 1989).

B. Lateral Heterogeneity, Thylakoid
Appression, Grana and the Distribution of PS I
and PS /I
Lateral heterogeneity has been associated with
thylakoid appression, i.e. a much closer association
of two adjacent thylakoids than would be expected
by simply arranging two thylakoid membranes side
by side. Normally membranes would approach no
closer than 3 A, but in appressed thylakoids the
separation is only 1 A, and the center to center
distance between thylakoids reduces from the
expected 18-20 to about 15 A. However the thickness
ofthylakoids varies in any given species depending
on the number ofLHCs and other factors. Thylakoid
appression occurs in all algae except those that possess
phycobilisomes (glaucocystophytes and rhodophytes). Thus they occur in all algal groups which
possess CAB/CAC proteins (the CAB-type proteins
found in PS I of some rhodophytes-see Chapter 4,
Durnford-are an exception). This may be more
than coincidence, since CAB proteins have been
implicated in the mechanism ofthylakoid appression
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by Mg2+-stimulated binding ofthe N-terminal, stromal
end of the LHCIIb protein (Thornber et al., 1991).
The typical number of appressed thylakoids, i.e.
stacking, varies from two in cryptophytes, three in
many chromophytes (and euglenophytes) to many in
green algae and to a typical granal structure in land
plants (Larkum and Barrett, 1981; Staehelin, 1986).
However it unlikely that thylakoid appression is
accompanied by lateral heterogeneity in any algae,
apart from those on the green algal streptophyte line.
Freeze fracture and freeze etch and immunolabeling
of a limited subset of algae indicate that, in
chlorophytes and chromophytes, lateral heterogeneity
does not exist. Dwarte and Vesk (1982) were the first
to show a lack oflateral heterogeneity in chromophyte
algae based on freeze etch studies, despite the fact
that they were able to show a concentration of PS II
in appressed regions of thylakoids. This has been
supported by many studies: for example, the primitive
chlorophyte Tetraselmis (Song and Gibbs, 1995), the
chlorophycean alga Chlamydomonas reinhardtii
(Bertos and Gibbs, 1998), the xanthophyte Pleurochloris (Biichel and Wilhelm, 1993), the diatom
Phaeodactylum (Pyszniak & Gibbs, 1992), in
cryptophytes (Lichtle et al., 1992; Vesk et al., 1992)
and in the micromonadophyte Mantoniella (Hecks
et al., 1996).
Thylakoids were first defined by Menke in the
1950s (see Menke, 1962) who defined grana as
multilayer stacks ofthylakoids. They are observed in
all land plants. There was also indication that grana
occurred in some chlorophyte algae and in the
Charales (which some consider to be chlorophytes).
In 1975 Stewart and Mattox separated the chIorophytes into two groups-the chlorophycean algae
and the charophycean algae largely on the basis of a
phycoplast- (chlorophytes) or a phragmoplast-type
of nuclear division (charophytes). Several other
accompanying characteristics also augmented this
primary character: the charophytes possessed grana,
glycollate oxidase (as distinct from glycollate
dehydrogenase in chlorophytes) and clumped flagellar
root bases (as distinct from a bipolar arrangement in
many chlorophytes).
Since that time it has become clear that the
charophyte group is a larger assemblage than was
initially acknowledged. It certainly includes the
Colcochaetales. Molecular phylogeny based on 18S
rRNA analyses have placed some prasinophytes in
this group too. It has been proposed that his line of
radiation should be called the streptophytes (Termel
et al., 2002). Recently early forebears of this line
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have been detected, e.g. Mesostigma (Lemieux et al.,
2000; Termel et al., 2002). However the base of the
branch has not been explored extensively in terms of
cell division and possession of grana, etc. In those
algae that have been studied the fluorescence
properties using confocal microscopy are strongly
diagnostic (Gunning and Schwartz, 1999; Fig. 3).
However the full definition of grana has yet to be
established. Presumably it is manifested as stacked
thylakoids where there is lateral heterogeneity of
photosystems. However the functional significance
of this apparently pivotal evolutionary event is still
not fully understood and so the significance and role
of grana still needs to be resolved: refer to Chapter
13, Larkum.
An interesting proposal concerning appression of
thylakoids and stacking was put forward by Trissl
and Wilhelm (1993) based on the proposition that the
two photo systems process photons at very different
rates (PS I, fast and PS II, slow)-see also Chapter
12,Trissl and Chapter 13, Larkum. The result ofsuch
a difference in efficiency, in a homogeneous system,
would be a process in which photons would be
funneled into PS I with consequent loss of overall
efficiency. In streptophytes and embryophytes with
many appressed thylakoids and grana, there is lateral
heterogeneity with spatially-separated photo systems
and the ratio ofPS II1PS I able to rise well above one.
Furthermore LHC is differentiated into LHCI and
LHCII and controlled so that the optical cross-sections
of the photo systems can be controlled more closely.
Short-term control is afforded by the mechanism of
state transitions by which it is possible to rearrange
the optical cross-sections of PS I and PS II to some
degree (Chapter 13, Larkum).
The opposite situation occurs in Cyanobacteria,
glaucocystophytes and red algae where the photosystems are normally intermixed homogeneously.
The need for appression is avoided, according to
Trissl and Wilhelm (1993), by the physical connection
of phycobilisomes to PS II thereby enhancing the
optical cross-section ofPS II up to 80% of the total,
by the concomitantly small cross-section ofPS I and
by a ratio of PS II to PS I less than I (which
compensates PS I). Here PS I is located close to PS II
but as discussed by Larkum and Barrett (1983) the
two-dimensional geometry of the thylakoid/PBS
structure means that the two photo systems are, for
the most part, excitonically separated. However, it
has to be borne in mind that green light powers
photosynthesis efficiently in Cyanobacteria and red
algae (Larkum and Barrett, 1983) which means that
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excitation energy has be shared efficiently between
PS II and PS I and this may be done by the detachment
of some phycobilisomes from PS II and their
reassociation with PS I (Chapter 13, Larkum).
In chromophyte algae there is little evidence for
lateral heterogeneity (see above). Trissl and Wilhelm
(1993) suggest that PS I and PS II are more
excitonically coupled in chromophytes with
consequent loss of efficiency and that the result is a
greater ratio ofPS II1PSI than in higher plants viz. in
the range of 1.5 to 3 (see Chapter 13, Larkum).
Another function for grana stacking has also been
put forward by Anderson (1999). She distinguishes
between true grana stacking as in land plants and
thylakoid appression as in green algae, suggesting
that extensive D 1 degradation only occurs in algae
but not in higher plants under prolonged high light.
She attributes this to the sequestering of D 1 within
grana regions in higher plants which are inaccessible
to the mechanism of D 1 protein degradation. This is
explained by the fact that higher plants, which live in
much higher light environments than most algae, can
only survive efficiently by preventing the unrestricted
breakdown ofPS II units. Studies ofDl turnover in
algae are currently not available except in a few cases
(Chapter 16, Franklin et al.).
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Summary
Although the vast majority of oxyphotobacteria harvest light with complex supramolecular structures, the
phycobilisomes, three atypical prokaryotic genera share the property of using a mere intrinsic chlorophyll
(ChI) alb-protein complex: Prochloran, Prochlorathrix and Prochlorococcus. Some strains of the latter genus
do contain some phycoerythrin, but at too low concentration for having a significant role in light harvesting. In
the context of the endosymbiotic theory of the origin of chloroplasts, it was proposed that these three
prokaryotic genera might belong to a separate clade among Cyanobacteria, the 'prochlorophytes', which would
have had a recent common ancestor with green algae and higher plants. Phylogenetic analyses using diverse
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genes however strongly suggest that these genera are polyphyletic within the cyanobacterial radiation and on a
different branch than the one bearing green plastids. With this idea in mind, it was interesting to re-examine to
what extent the photosynthetic apparatus of these Chi b-containing oxyphotobacteria are truly similar to one
another and whether they share some relationships with those of green plastids. This chapter shows that the
main trait linking these prokaryotes is the similarnature oftheir antenna proteins, called Pcbs for 'prochlorophyte
chlorophyll b-binding' proteins. These are different from the light-harvesting complex (Lhc) proteins found in
eukaryotes, but closely resemble iron-stress induced (IsiA) proteins, used for light-harvesting by Photo system I
in some cyanobacteria when iron-starved. More than the mere occurrence of Chi b, this similar antenna system
likely conditions most ofthe other apparent similarities between these three atypical organisms, including those
at the ultrastructural level. Besides reviewing the recent literature about these 'green oxyphotobacteria,' we
discuss a newcomer among atypical oxygenic prokaryotes, Acaryochloris marina, which contains Chi d as the
main light-harvesting pigment and a Pcb-like antenna system. The insights that the study ofthese prokaryotes
have brought into the more general fields of algal photosynthesis and evolution arc underlined.

I. Introduction
It is generally accepted that either one or several
closely related oxyphototrophic prokaryotes must
have given rise, through successive episodes of
endosymbiosis, to the highly diverse classes of
eukaryotic algae (Reith, 1996; Stiller and Hall, 1997;
Durnford et al., 1999; Chapter 2, Larkum and Vesk).
Thus, studying oxyphotobacteria is crucial for better
understanding algal phylogeny. Moreover, these
prokaryotes share many characteristics with plastids
of both algae and higher plants and constitute good
models to study their structure and function.
Phycobilisome (PBS)-containing cyanobacteria
constitute the vast majority of oxyphototrophic
prokaryotes. Although the rhodophytes seem to have
retained the characteristic antenna system of their
putative cyanobacterial ancestor, this is not the case
for green algae and higher plants, which possess no
PBS but instead harvest light with intrinsic ChI a/bbinding complexes. The discovery by the mid
Abbreviations: AP - allophycocyanin; CAB - chlorophyll alh
binding proteins; Chi - chlorophyll; CP - chlorophyll protein;
HL - high light; HLIPs - high light induced proteins; HPLC high performance liquid chromatography; ruPAC - International
Union of pure and applied chemistry; LHC I - Light-harvesting
complex I; LHC II - Light-harvesting complex II; LHCP - Lightharvesting complex protein; LL -low light; MSP - manganesestabilizing protein; NADH - reduced nicotine adenine dinucleotide; NMR - nuclear magnetic resonance; ORC - oxygen
evolving complex; ORFs - open reading frames; PBS - phycobilisome; PC - phycocyanin; Pchlide a, - monovinyl-protochlorophyll ide; Pchlide a, - divinyl-protochlorophyllide; PE phycoerythrin; PEB - phycoerythrobilin; PS I - Photo system I;
PS II - Photosystem II; PUB - phycourobilin; RC I - reaction
center I; RC II - reaction center II; Rubisco -- ribulose 1,5bisphosphate carboxylase-oxygenase; SDS-PAGE - sodium
dodccyl sulfate-polyacrylamide gel electrophoresis; TEMtransmission electron microscopy; UV-VIS - ultraviolet-visible

seventies of Prochloron didemni, a photosynthetic
prokaryote possessing ChI b, was thought to provide
the key to green plastid origin (Lewin and Withers,
1975; Newcomb and Pugh, 1975; Lewin, 1977;
Thorne et al., 1977). A new division was created to fit
this novel organism, the Prochlorophyta (pro = before;
chlorophyta = green plants), a name which suggested
its potential ancestry to chlorophytes (Lewin, 1977).
Eleven years after P didemni, a second organism
with the same unusual pigment and ultrastructural
peculiarities, Prochlorothrix hollandica, was
discovered (Burger-Wiersma et al., 1986). Both
organisms were formally included within the
Prochlorales order (Burger-Wiersma et al., 1986;
Florenzano et al., 1986; Hoffinann and Greuter, 1993),
despite their very different morphologies and habitats:
Prochloron are coccoid (9-30 uu: in diameter)
endosymbionts of marine tunicates whereas
Prochlorothrix are free-living filamentous freshwater
organisms (Burger-Wiersma et al., 1986; Lewin and
Cheng, 1989). While the type species Prochlorothrix
hollandica (3-10 pm x 0.5-1.5 pm) was only reported
from shallow Dutch lakes (Burger-Wiersma and
Matthijs, 1990), a novel, dumpier (6-10 pm x 2.5-3
pm) species, provisionally called P 'scandica'; was
later discovered in lake Malaren, Sweden (Pinevich
et a1., 1999). The possibility to grow Prochlorothrix
strains in defined media and, more recently, under
axenic conditions (Schyns et al., 1997; Pinevich et
al., 1999), has allowed scientists to perform refined
physiological studies. Such experiments were hardly
feasible with Prochloron because oftheir inability to
grow outside their host and the presence of high
levels of phenolic compounds within cells (Barclay
et al., 1987; Lewin and Cheng, 1989). In 1988,
Prochlorococcus marin us, a tiny, oblong (0.5-0.8
pm x 1.5--1.7 pm), free-living oxyphototroph, was
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also found to display an unusual pigmentation,
comparable to its predecessors (Chisholm et al.,
1988, 1992; Goericke and Repeta, 1992; Morel et al.,
1993). PBS were apparently absent (but see below)
and replaced by an antenna binding divinyl derivatives
ofChls a and b as the main light-harvesting pigments.
As the most abundant oxyphototrophic prokaryote
in the oceans, P marinus is a key organism for
marine ecologists and an extensive literature is now
available on its in situ distribution and dynamics
within the pieoplanktonic community (for reviews,
see Partensky et al., 1999a,b). In fact, Prochlorococcus rapidly proved to be a double discovery, since
the first two isolates ofthis genus, SS 120 and MED4,
were found to display very different pigment ratios
and ecophysiological characteristics (Chisholm et
al., 1992; Morel ct al., 1993; Parten sky et al., 1993;
Moore et al., 1995), a differentiation accompanied
by a fairly wide genetic distance (Palenik and
Haselkorn, 1992; Scanlan et al., 1996; Urbach et al.,
1998). These two strains were later found to
correspond to different' ecotypes' which co-occur in
the ocean: the high light (HL) adapted ecotype which
preferentially thrives in the well-illuminated upper
layer and the low light (LL) adapted ecotype which
occupies the bottom of the euphotic layer (Ferris and
Palenik, 1998; Moore et aI., 1998; Urbach et al.,
1998; Moore and Chisholm, 1999; West and Scanlan,
1999). Comparison of these ccotypes, which have
recently been considered as belonging to two different
subspecies (Rippka et al., 2000), has begun to bring
a better understanding of the role of environmental
constraints, such as light, on the evolution of the
photosynthetic apparatus of these prokaryotes and,
in particular, their antenna systems (Hess et aI.,
1996; Partensky et aI., 1997; Hess et al., 1999;
Garczarek et al., 2000, 200 1b). Thus, although after
the discovery of Prochloron, research was initially
focused on the putative relatedness of ChI bcontaining prokaryotes to chloroplasts, it has now
expanded to many different scientific areas. The
recent availability of the whole genome of the HLadapted Prochlorococcus strain MED4 and the LLadapted strains MIT 9313 (http://www.jgi.doe.gov/
JGLmicrobial/html/) and SS 120 (http://www.sbroscoff.fr/phyto/prossI20/ now allows the identification of genes for any metabolic process (Hess et
al., 200 I) and will likely confer Prochlorococcus the
status of a model organism.
To this list of photosynthetic prokaryotes having a
deviant pigmentation with regard to typical
cyanobacteria might be added a lacustrian Synecho-
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coccus sp. (CALU strain 1054) which, besides PBS,
seems to possess traces of a ChI b-like pigment
(Pinevich et al., 1997). Even more surprising was the
discovery of Acaryoch loris marina, a small coccoid
(1.8-2.1 Jim x 1.5-1.7 Jim) symbiont oftunicates,
like Prochloron, but possessing large amounts of
Chi d (Miyashita et al., 1996, 1997) as well as phycobiliproteins (Marquardt et al., 1997). ChI d is present
in such large amounts in this organism that it replaces
not only accessory Chis but also ChI a itself in most
intimate parts of the photosynthetic apparatus, such
as in the Photo system I (PS I) reaction center (Hu et
al., 1998b). Although, because of its very specific
pigmentation, it cannot be considered as a close
relative of the putative ancestor ofpresent day algae,
it is worth mentioning in this review since it shares a
number of similarities with ChI b-containing
oxyphotobacteria, including the major lightharvesting protein (Section II.C.I).
This chapter follows one book dealing with
Prochloron (Lewin and Cheng, 1989), several general
reviews mainly focused onProchloron andProchlorothrix (Burger-Wiersma and Matthijs, 1990;
Bullerjahn and Post, 1993; Post et al., 1993; Matthijs
et al., 1994; Pinevich et al., 2000) and others more
centered on Prochlorococcus (Partensky et aI.,
1999a,b). In the present review, we will focus more
on comparative aspects of the photosynthetic
apparatus of these three organisms and that of the
recently discovered ChI d-containing genus Acaryochloris. We will extract information relevant to the
understanding of the origin of pigmentation and
pigment-protein complexes ofgreen algae and higher
plants. Whether ChI b-containing prokaryotes are
gathered in a valid taxonomic group, which could
have given rise to the green plastid lineage, is
nowadays contested by a majority of scientists, as
will be discussed below. Thus, in the latest edition of
the Bergey s Manual of Systematic Bacteriology,
these organisms arc now clearly separated (Castenholz, 2001). In the following text, we will use the
expression 'green oxyphotobacteria,' rather than the
inappropriate term 'prochlorophytes,' to designate
all photosynthetic prokaryotes, living or fossil, having
a membrane-intrinsic antenna binding ChIs a and b
as the major light-harvesting system, with no special
reference to them forming a coherent taxonomic
group. Note that the term 'green' is used here to
underline the analogy of pigmentation of these
organisms with that of green plastids rather than
simply refering to the color of the cells.
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II. Advances in Photosynthesis in
Chlorophyll b- and d-Containing
Oxyphotobacteria
A. Ultrastructure of Thylakoids and
Photosynthesis-Related Cell Components

The arrangement of thylakoid membranes, as seen
by transmission electron microscopy (TEM), varies
among green oxyphotobacteria (Figs 1-2). Most
Prochloron species, such as those associated with
the didemnid ascidian Lissoclinum patella, possess a
profusion of undulated membranes forming a wide
peripheral band surrounding a central, electron-clear
vacuole (Fig. lA-B; Whatley, 1977; Swift, 1989).
These thylakoid swirls alternate with arcs of DNAand ribosome-rich stromatic areas which can be
interconnected by thin layers of cytoplasm (Fig. IF;
Swift, 1989; Swift and Leser, 1989). Prochloron
cells associated with Didemnum molle are deprived
of vacuoles and thylakoid membranes are dispersed
throughout the cells (Fig. lC-D; Schulz-Baldes and
Lewin, 1976; Cox, 1986; Swift, 1989). InProchlorothrix hollandica and Prochlorothrix sp. strain NIVA
8/90 (alias P 'scandica '), photosynthetic membranes
arc generally arranged in parallel wavy layers (most
often eight to ten) located at the periphery ofthe cell
but with large intrusions within the central cytoplasm,
where the DNA is concentrated in an elongated
nucleoid structure (Fig. 1G-I; Burger-Wiersma et al.,
1986; Miller et al., 1988; Swift and Leser, 1989;
Pinevich et al., 1999). In P marinus, the two to six
thylakoids appear in an orderly arrangement (Fig.
2b), a possible consequence ofthe small size of these
cells. They generally run parallel to the cell wall at
the periphery ofthe cell, although separated from the
cell wall by a thin layer of cytoplasm (Chisholm et
al., 1988, 1992). The general architecture of thylakoids slightly differs between Prochlorococcus
strains, being continuous in SS120 (Fig. 2B) and
more or less largely interrupted in MED4 and
MIT9313, giving them a characteristic horseshoe
shape (Lichtle et al., 1995; Partensky et al., 1999b).
The organization of Acaryochloris thylakoids is
somehow intermediate between those of Prochlorococcus and Prochlorothrix. In transversal section,
they often appear as appressed parallel arrays (Fig.
2E-F), whereas in longitudinal sections they are
arranged in wavy concentric peripheral layers (Fig.
2G; Miyashita et al., 1996, 1997). At some places,
thylakoids are separated by gaps of30-40 nm width
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which, in some preparations, are filled with an
electron-dense substance (Marquardt et al., 2000).
These gaps are thought to be sites for biliprotein
aggregates (Section II.C.2). One ultrastructural
feature of thylakoids apparently unique to Acaryochloris is the presence of channel-like structures
connecting the nucleoplasm and the cell periphery
and containing a central rod-like structure (Fig. 2F;
Marquardt et al., 2000).
The general arrangement of thylakoids in these
four genera clearly differs from that in typical
cyanobacteria. In the latter, the presence of PBS
provokes a continuous wide space between thylakoid
membranes often filled with an electron-dense
substance, whereas the thylakoid lumen is generally
not visible (Fig. 2D). Prochlorothrix 'scandica' also
possesses small structures resembling 'mini-PBS'
(Fig. 11). As discussed later on (Section II.C.l),
these structures, called 'viridosomes', rather
correspond to hydrophilic extensions of intrinsic
antenna complexes and are thought to be located on
the outer surface ofthylakoids (Pinevich et al., 1999).
Consequently, for this species, the clear areas seen
on TEM photographs ofthylakoids would correspond
to the inter-thylakoid space and not to the lumen as
for other green oxyphotobacteria (compare Figs. IE
and 11). Thus, P 'scandica' is the sole green
oxyphotobacterium known to date in which
membrane appression could not occur. In Prochloron
didemni, thylakoids are generally arranged as tightly
appressed pairs, sometimes themselves associated in
stacks of up to 30 thylakoids (Fig. IE; Swift, 1989).
This ultrastructural arrangement is reminiscent of
the stroma and grana regions of chloroplasts (Trissl
and Wilhelm, 1993). However, in all other green
oxyphotobacteria as well as in Acaryochloris marina,
the recognition on TEM photographs of welldelimited domains comparable to stroma and grana
is much less obvious.
Freeze fracture and/or freeze etch studies on
Prochloron sp. (Giddings et al., 1980), Prochlorothrix
hollandica (Miller et al., 1988; Golecki, 1989; van
der Staay and Staehelin, 1994) and Acaryochloris
marina thylakoids (Marquardt et al., 2000) have
clearly demonstrated the existence of a lateral
heterogeneity in the distribution of pigment-protein
complexes within the thylakoid membranes. The
appearance of both protoplasmic and exoplasmic
fracture faces with, for each, two clearly distinct
regions in terms of particle size and density, clearly
resembles that of chloroplast membranes (Fig. 1H).
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Fig. J. Electron micrographs of Prochloron spp. and Prochlorothrix hollandica. A-D. Genera l ultrast ructure (A- B) and detail of
thylakoid membranes (C-D) of Prochloron sp. cells from Lissoclinum pat ella (A, C) and from Didemnum molle (B, D). E-F. Details of
a thylako id stack (E) and of membranes immuno-decorated with an anti-DNA monoclonal antibody (F) in Proch loron sp. cells from
Lissoclinum pat ella. G-H . P. hollandica. General ultrastructure (G) and view ofan exoplasmic fracture (EF) face after freeze etching (H);
EF, and EFu correspond to ' stacked' and ' unstacked' areas, respectively and white arrows show portions of PFs still adhering to the EF,
face (H). 1-1. Prochlorothr ix sp. NIVA-8/90 (provis ionally called P. 'scandica'). Genera l ultrastructure (I) and detai l of the thylakoid
membranes showing ' viridosomes' (arrows ). Scale bars are 1.0,0.5,0.2 and 0. 1 tim in figures A-B, CoD, E-I and 1, respectively. All
photographs from Prochloron have been kindly provided by Prof. II. Swift. Figures G and H have been reprinted with perm ission from
Miller et al. (1988) and Figure 1 from Pinevieh et al. (1999 ). Figure I is an unpub lished photograph kind ly provided by Prof. A. Pinevich.
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In plants, areas of the thylakoid membrane
corresponding to grana and stroma regions are called
stacked and unstacked areas, respectively, and the
same terminology has been used for green oxyphotobacteria, bringing some confusion in the
literature on these organisms. In P hollandica,
'unstacked' regions appear to be more abundant than
'stacked' ones, the latter often appearing as circular
patches on a continuous 'unstacked' background
(Fig. 1H). Miller et al. (1988) have shown that
'stacked' regions were clearly associated with regions
of thylakoid contact. Thus, although, over most of
their length, thylakoids of P hollandica look
'appressed', i.e. organized as parallel arrays with no
visible cytoplasmic space between them in TEM,
there must be 'true' contact between adj acent
membranes only at discrete places along these arrays.
It was shown in this organism that PS II particles are
preferentially localized in 'stacked' regions whereas
PS I particles are found in 'unstacked' areas, like in
plant chloroplasts (van der Staay and Staehelin, 1994;
Section II.D.3). In Prochlorococcus marinus SS 120,
a double immuno-Iabeling with antibodies against
D2 and the PS I core proteins has shown that RC II
and RC I are both distributed all over thylakoid
membranes (Fig. 2B; Lichtle et aI., 1995). This
suggests that, if present at all in this prokaryote, the
PS ll-rich ' stacked' regions are not located in specific
areas of the thylakoids, and this probably holds true
for P hollandica as well. Future freeze fracture
studies are however needed to confirm the occurrence
of lateral heterogeneity in P marin us membranes.
The architecture of Acaryochloris thylakoids is
original with regard to that of other green oxyphototrophs in that membranes which look 'appressed' in
TEM photographs contain PS I trimers, while those
which look 'separated' are thought to contain PS II
and their associated small phycobiliprotein complexes
(Marquardt and Morschel, 1999; Marquardt et al.,
2000; Sections II.B.3 and II.C.2). By comparison, in
cyanobacteria possessing true PBS, there is no lateral
heterogeneity and it is thought that PS I trimers are
randomly distributed between rows ofPS II dimers,
to which the PBS cores are non-permanently
associated (Mullineaux, 1999). This organization
with parallel rows of PS II might well also occur in
P 'scandica', as suggested by the regularity of the
'viridosomes' arrangement (Fig. 11).
Green oxyphotobacteria and Acaryochloris share
with typical cyanobacteria the presence of carboxysomes (Burger-Wiersma et aI., 1986; Chisholm et
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aI., 1988, 1992; Lewin and Cheng, 1989; Marquardt
et aI., 2000), which are cytoplasmic inclusions where
the ribulose I,5-bisphosphate carboxylase-oxygenase
(Rubiseo) is concentrated, as shown by immunolabeling (Swift, 1989; Lichtle et aI., 1995; Pinevich
et aI., 1999).These structures are generally polyhedral
(Swift and Leser, 1989; Chisholm et al., 1992), as
they are surrounded by a proteinaceous shell a few
nanometers thick (Marquardt et al., 2000). However,
in Prochlorothrix 'scandica', carboxysomes apparently lack this shell and therefore resemble more the
pyrenoids of green algae (Pinevich et aI., 1999). In
Prochloron didemni (Swift and Leser, 1989),
Prochlorothrix hollandica (Burger-Wiersma et al.,
1986; Pinevich et al., 1996) and P 'scandica'
(Pinevich et al., 1999) as well as cultured Prochlorococcus cells (Chisholm et al., 1992), carboxysomes
are located in the vicinity ofthylakoids, although this
is not true for Prochlorococcus cells from the field
(Fig. 2B; Chisholm et al., 1988).
In P hollandica, Pinevich et al. (1996) noted the
presence of electron-dense inclusions larger than
100 nm which stained iodine-positive (Pinevich et
al., 1996). Starch-like polyglycosides, consisting in
both linear and branched fractions, was previously
observed by electrophoresis in Prochloron didemni
(Fredrick, 1980). The presence in the cytoplasm of
such large starch-like storage granules instead of the
small glycogen granules typical of Cyanobacteria,
was therefore speculated to be linked to the acquisition
of a ChI b-binding membrane-intrinsic antenna
(Pinevich et al., 1996). However, P marinus does
possess numerous tiny storage polysaccharide
granules which according to their size and aspect are
likely constituted of glycogen (Lichtle et al., 1995;
Lichtle, personal communication). A further
characterization ofthese granules would be useful to
confirm their nature.
B. Pigmentation and Implications for the
Photosynthetic Apparatus
1. Chlorophylls
ChI a was until recently thought to be a universal
pigment among organisms performing oxygenic
photosynthesis. It has a key role in the conversion of
sunlight energy into chemical energy, a process which
involves specialized ChI species (P680 and P700)
that act as the photochemical reaction centers.
Although bothProchloron andProchlorothrix possess
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Fig. 2. Electron micrographs of Prochlorococcus marinus , Acaryochloris marina and a typica l Synechococcus sp. (Cyanobact eria). AC. Prochlorococcus. A. General ultrastructure of a Prochlorococcus cell from the field. ce = cell enve lope; pb = polyhedra l bodies ; th =
thylakoids. B. Doubl e imrnuno-labeling ofaP. marinus SARG cell with an antibody anti -PS I fromPorphyridium (10 nm gold particles)
and an an tibody anti-D2 from higherplants (5nm gold particl es). C. Immu no-labeling of P. marinu s SS 120 cell with an homo logous anti
,B-phycoerythrin polyclonal antibody. D. General ultras tructure of a Synechococcus-like cell from the field showing the wide interthylakoid space typical of PBS-cont aining cyanoba cteria (arrows). E-G Acaryochloris marina . E-F. Gene ral ultrastructure (E) and detail
ofthylakoids (F) of cells in transve rse section. The arrow shows a typical channel-like structure con necting the nucleoplasm and the cell
per iphery. G. General ultrastru cture of a cell in longitudinal section. All scale bars = 0.1 Jim. Photograph s used in Figs. B and C were
kindly provided by Dr. C. Licht lc, in Figs. E and G by Dr. H. Miyashita and in Fig. F by Dr. J. Marqu ardt. Figure B is reprinted from
Lichtle et al. (1995), Figs A and E from John son and Sieburth (1979) and Fig. E from Miyashita et al. (1996) with permission.

normal (monovi nyl) ChI a (or Ch I at) as the major
pigment, the discovery that Proc hloroco ccus
possessed only a divinyl derivative form of ChI a
(Ch I a 2) is puzzling (Goericke and Repeta, 1992;
Table 1 and Fig. 3). Pre vio usly, this particular 8dese thy l, 8-viny l ChI a form was on ly observed in a
muta nt of corn (Ba zzaz, 1981; Bazzaz and Brereton ,
1982) . The difference between ChI a2 and ChI a,
consists in the rep lacement of an ethyl by a viny l

gro up at C-8 position of the chlorin macrocycle
(Fig . 3). This mo dification can be visualized in
absorption or fluorescence excitation spectra by a 610 nm red shift of the blue (Soret) band and poss ibly
a 1- 2 nm blue shift of the red (Qy) band of ChI a2
com pare d to Ch I a t (Bazzaz, 198 1; Morel et aI.,
1993; Jeffrey et aI., 1997).
A ltho ug h Ch I b was long thought to be a
character istic pigment of green oxyphotobac teria,
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Table 1. Comparative pigmentation ofthe three genera ofgreen oxyphotobacteria, Acaryochloris, marine Synechococcus, phycobilisome-containing cyanobacteria (PBC-cyanobacteria)
and Dunaliella tertiolecta (representative of Chi b-containing eukaryotes). Presence of allomers and demetalated chlorophylls (phaeophytins) is not mentioned.
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Fig. 3. Chemical structures of the ehlorophylls found in oxyphotobaeteria (IUPAC nomenclature). A. Chlorophylls ai' ab b l , b 2 and d
share the same porphyrin ring and a long lateral chain at position Cl7 which is an ester of phytol (C20H J90H). B. Divinylprotoehlorophyllide (PChlide a2) is a Chi c-Iike pigment which has a double link between positions C l7 and C 18 of the chIorin
macroeyc1e, and its lateral chain at position Cl7 is reduced to a mere carboxyl group. This pigment is known as Mg-2,4-divinylpheoporphyrin as-monomethyl ester (Mg-2,4-DVP as) under the former Fischer nomenclature and Mg-3,8-divinyl phytoporphyrin-Hfmethyl carboxylate (or Mg-3,8-DVP as) under the current IUPAC nomenclature.

this view has recently been challenged by the
discovery of a PBS-containing cyanobacterium
(Synechococcus) sp. possessing traces of a Chi blike pigment (Pinevich et al., 1997). When compared
to higher plants, the ratio of Chi a to Chi b is high in
Prochloron, Prochlorothrix and HL-adapted Prochlorococcus strains. In contrast, it is equivalent or
lower in LL-adaptedProchlorococcus strains (Moore
et al., 1995; Moore and Chisholm, 1999; Table 2).
The lowest ChI a to Chi b ratio observed in whole P
marinus SS 120 cells (0.25 g g-I) as well as in natural
Prochlorococcus spp. populations at the bottom of
the euphotic layer (0.29 g g'; Veldhuis and Kraay,
1990; Goericke and Repeta, 1993) was assumed to
represent a physiological minimum for this species,
that might be governed by the architecture of lightharvesting complexes (Goericke et aI., 2000). Again,
Prochlorococcus is particular among green oxyphotobacteria in that it possesses a divinyl form of ChI b
(ChI b.; Fig. 3) with red shifted absorption properties
with regard to normal ChI b (ChI b.: Gocrickc and
Repeta, 1992). Surprisingly, several LL-adapted
Prochlorococcus strains in fact synthesize both forms
of Chi b, and the ratio of ChI b2 to Chi b, decreases
proportionately with growth irradiance (Partensky et
al., 1993; Moore et al., 1995). This suggests that, in
these strains, Chi b, might derive from ChI b2 by a

single step and that the vinyl reductase likely
responsible for this reaction (an enzyme yet to be
identified) is controlled by light. Surprisingly, no
Chi b, can be detected in HL-adapted ecotypes, such
as MED4 (Parten sky et al., 1993; Moore et al.,
1995). In the current models of Chi biosynthesis in
plants, Chi b l derives from ChI a l in one step (Tanaka
et al., 1998). The discovery in Prochloron didemni
and P hollandica of a ChI a oxygenase (Cao) very
similar to that ofhigher plants suggests that the same
chemical reaction occurs in these organisms (Tomitani
ct al., 1999). However, it is not clear yet whether
P marinus possesses an analogue ofthis gene (Section
lll.A.3). Helfrich et al. (1999) recently demonstrated
in Prochloron the unambiguous absence of Chis a 2
and b 2 (even at trace levels) using HPLC as well as
UV-VIS and H-NMR spectroscopy, confirming that
these pigments are probably not intermediates ofChi
biosynthesis in this organism. Thus, the final steps of
the biosynthesis pathway leading to ChI b, in LLadapted Prochlorococcus strains are most likely
different from those in other green oxyphotobacteria
and higher plants.
Minor amounts of PchIide a 2 (Fig. 3), a Chi c-like
pigment also known as Mg-3,8-divinyl-pheoporphyrin as-monomethyl ester, have been found in
P marin us (Goericke and Repeta, 1992; Morel et aI.,
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1993; Moore et al., 1995; Goericke et al., 2000) and

inProchloron sp, (Larkum ct al., 1994). This pigment
is also present in the a-purple bacteria Rhodobacter
sphaeroides and in Prasinophyceae, such as
Micromonas pusilla (Goericke and Repeta, 1992;
Helfrich et al., 1999). In contrast, no Pchlide a2 is
detectable by HPLC in Prochlorothrix hollandica
(Helfrich et al., 1999). A second ChI c-like pigment,
in even lower amounts than Pchlide a 2 , was also
detected in Prochloron sp. and tentatively identified
as a I 3 2-hydroxy derivative, a probable by-product of
Pchlide a 2 • Despite its presence in low amounts, a
role of PChlide a 2 in light-harvesting has been
demonstrated inProchloron sp. (Larkum et al., 1994)
and is likely in P marinus as well. Since this pigment
is an intermediate of Chi biosynthesis (see above),
Helfrich et al. (1999) postulated that to become
active in light-harvesting, Pchlide a 2needed an active
transport mechanism that diverted a part of its pool
from its site of formation to its binding site in the
light-harvesting antennae.
ChI d (or 3-desvinyl-3-formyl ChI a under the
current IUPAC nomenclature; Fig. 3) is the major
pigment of Acaryochloris marina (Miyashita et al.,
1996, 1997). Previously, this exotic pigment was
only reported as a minor constituent from several red
algae (Manning and Strain, 1943), but these authors
wondered whether this pigment was not artifactually
produced during the extraction process. The red peak
of the absorption spectrum (Qy band) of ChI d is
strongly shifted toward infra-red with regard to ChI a J
(e.g. 688 nm vs. 662 nm in diethyl ether; Schiller et
al., 1997). The ratio of ChI a J to ChI d of intact cells
is always below 0.1 (Table 2), suggesting a unique
organization ofthe photosystems and light-harvesting
antennae inAcaryochloris. It has been suggested that
in this organism, the primary electron donor of PS I
was a special pair ofChI d (Hu et al., 1998b; Akiyama
et al., 200 I). A difference spectrum ofthe absorption
changes following a 532 nm laser flash shows a
strong negative peak at 740 nm, representing the
oxidation of the primary donor of PS 1. Therefore,
Acaryochloris PS I reaction center has been named
P740 (Hu et al., 1998b). In contrast, time-resolved
spectrometry measurements indicate, on the basis of
a delayed fluorescence observed only in the region of
ChI a\> that the photochemical reaction center ofPS
11 is most probably constituted of the latter pigment
(Mimuro et al., 1999). ChI d is the major ChI form
implicated in light harvesting, although low amounts
of Chi a have also been detected in antenna-enriched
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fractions fromA. marina (Chen et al., 2001)

2. Carotenoids
Green oxyphotobacteria share with typical cyanobacteria the possession of zeaxanthin as one of their
two major earotenoids. Interestingly, in natural
populations ofProchlorococcus from suboxie waters
ofthe Arabian Sea, Goericke et al. (2000) found that
most zeaxanthin was replaced by a 7',8' -dihydroderivative, probably parasiloxanthin. Previously, a
pigment with similar spectral characteristics was
observed in two cultured P marin us isolates,
MIT9303 and MIT9313, when grown under low
irradiance (Moore, 1997), but presence of this
pigment was neverreported in other Prochlorococcus
strains, nor any other photosynthetic organism.
The second major carotenoid is {3,f3-carotene (also
called f3-carotene) in Prochloron and Prochlorothrix,
a characteristic they share with typical cyanobacteria,
and {3, s-carotene (also called a-carotene) in
Prochlorococcus and Acaryochloris (Table I). Some
but not all Prochloron species also possess fairly
high amounts of cryptoxanthin (up to 6-7% of total
carotenoids; Withers et al., 1978; Paerl et al., 1984;
Foss et al., 1987), a pigment present at trace amounts
in P marinus (Goericke and Repeta, 1992; Goericke
et al., 2000). Paerl et a1. (1984) also reported
significant amounts ofechinenone in Prochloron (612% of total carotenoids), a pigment which is also
fairly abundant in many freshwater cyanobacteria
(Paerl et al., 1984). Finally, trace amounts of other
carotenoids (isocryptoxanthin, trihydroxy-carotene,
and (3-carotene monoepoxyde) have been reported in
Prochloron (Table I), but not systematically. In
Prochlorothrix hollandica, three carotenoids were
observed at trace levels and proposed to be
canthaxanthin and two zeaxanthin derivatives, but
were not formally identified (Burger-Wiersma et al.,
1986).
The definitive absence ofviolaxanthin in all green
oxyphotobacteria implies that, as for typical
cyanobacteria, none of them is able to perform a
xanthophyll cycle, a process which in photosynthetic
eukaryotes has been found to playa major role in the
short-term protection of Photosystem II against
photoinhibition (Siefermann-Harms, 1985; Mimuro
et al., 1999; Chapter 13, Larkum). Zeaxanthin alone
may act as a photo-protective pigment. In P hollandica, a large part of the zeaxanthin pool is found
associated with acidic proteins of 56 and 58 kDa
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Tahle 2. Ratios of ChI a to main accessory ChI in whole cells and cell fractions

Organism

Pigment ratio

Whole cells
or thylakoids

Prochloron sp.

ChI a l: ChI hi

4.4-6.9
2.6-3.4
3.8-5.0
3.0-6.0

nd
nd
nd
2.2-2.4

nd
nd
nd
3.8

Prochlorothrix

Chi al: ChI hi

8.1-9.0
7-18
8.0
nd
9-10
nd

nd
nd
3.7
4
6
2.5

nd
nd
nd
'little ChI h'
20
nd

Chi al: ChI hi

IS

nd

nd

ChI a2: Chlh1+2

0.4-2.2"
1.1-2.2 b
l.l-1.2 b

nd
0.9-1.4b
0.78 b

nd
nd
3.1 b

Moore and Chisholm (1999)
Partensky et al. (1997)
Garczarek et al. (1998)

Chi a2: ChI h2

1.5-20.0 a
10.3-15.4"
13.3-15.0c

nd
7.7C
9.5-10.2 c

nd
nd
15.1c

Moore and Chisholm (1999)
Partensky ct al. (1997)
Garczarek et al. (1998)

Acaryochloris marina

Chi a l: ChI d

0.03-0.09

nd

nd

Miyashita et al. (1997)

Green algae

Chi al: ChI hi

0.5-9.1

nd

nd

Wood (1979)

Higher plants

ChI al: ChI hi

2-3
nd

nd
1.0-1.4 (LHCII)

nd
3-5 (LHCI)

hollandica

Prochlorothrix

PS II- or antenna- PS I-enriched References
enriched fractions
fractions
Withers et al. (1978)
Alberte et al. (1986)
Schuster ct al. (1984)
Hiller and Larkurn (1985)
Burger-Wiersma et al. (1986)
Burger-Wiersma and Post (1989)
Matthijs et al. (1989)
Bullerjahn et al. (1987)
van der Staay and Staehelin (1994)
Post ct al. (1992)
Pinevich et al. (1999)

'scandica'
NIVA 8/90
Prochlorococcus

LL ecotype
Prochlorococcus

HL ecotype

Withers et al. (1978)
Green (1988)

ORange of LL or HL-adapted Prochlorococcus strains grown under different growth irradiances; "Prochlorococcus strain SS 120;
'Prochlorococcus strain MED4

(Engle et al., 1991). These water-soluble proteins
form a S-Iayer on the outermost surface of cells and
accumulate at high photon fluxes together with
zeaxanthin, suggesting that the ratio of these
compounds is fixed. Under HL conditions, these
proteins can represent up to 3% of the total cellular
proteins (Engle et al., 1991). Since, similarly to P
hollandica, Prochloron sp. releases zeaxanthin into
buffers and is mainly associated with a cytoplasmic
membrane fraction (Ornata et al., 1985), Post and
Bullerjahn (1994) suggested that it may also possess
surface-associated zeaxanthin-protein complexes.
However in Prochlorococcus, there is no evidence of
a water-soluble, zeaxanthin-binding S-Iayer (F.
Partensky, unpublished). In the latter organism, a
notable proportion of zeaxanthin is found associated
with thylakoid fractions, and, after fractionation,
most of it is generally retrieved in the uppermost
bands ofsucrose gradients, which are rich in antenna
proteins (BO and B 1 in Garczarek et al., 1998).
The bulk of a-carotene is associated with antenna
fractions inP marin us (Garczarek et al., 1998) and is

likely implicated in light-harvesting. Van der Staay
et al. (1992) suggested that its analogue in
Prochlorothrix (f3-carotene) was specifically coupled
with PS 1.
The carotenoid composition of Prochloron (and
likely Prochlorothrix) closely resembles that of
freshwater cyanobacteria lacking glycosidic pigments
such as Phormidium persicinum (Withers et al., 1978;
Foss et al., 1987). Therefore, the general carotenoid
biosynthesis pathways are probably similar in these
organisms (Foss et al., 1987). In contrast, the
a-carotene found in both Prochlorococcus and
Acaryochloris was previously thought to be specific
of eukaryotes (Goodwin and Britton, 1988). Its
presence suggests that Prochlorococcus and
Acaryochloris possess one key enzyme of the
carotenoid biosynthesis pathway, the Iycopene
£ cyclase, which is absent from all other oxyphotobacteria (Hess et al., 200 I). This hypothesis is
confirmed by the presence of two Iycopene cyclase
genes in Prochlorococcus strains MED4 and
MIT9313 genomes (Hess et al., 200 I) and by
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heterologous complementation experiments in
Escherichia coli (W R. Hess, personal communication). However, both Prochlorococcus and
Acaryochloris still lack enzymes which in plants and
algae are involved in the biosynthesis oflutein from
a-carotene and of anthcraxanthin from zeaxanthin,
as confirmed by analysis of the Prochlorococcus
spp. MED4 and MIT9313 genomes (Hess et aI.,
2001).

3. Phycobiliproteins
Absence ofphycobiliproteins was long thought to be
a unifying character of green oxyphotobacteria
(Lewin and Withers, 1975; Lewin, 1977; BurgerWiersma et aI., 1986; Chisholm et aI., 1988, 1992).
Indeed, absorption spectra of whole cells of
Prochloron sp., Prochlorothrix hollandica, P 'scandica' and Prochlorococcus marin us show no peak in
the 500-650 nm region where phycobilins absorb
most (Withers et aI., 1978; Burger-Wiersma et aI.,
1989; Partensky et aI., 1993). Attempts to find
phycobilins in whole cells and/or aqueous extracts of
Prochloron sp., Prochlorothrix hollandica and
P 'scandica' were unsuccessful even in conditions
(green or low light) stimulating their formation in
PBS-containing cyanobacteria (Withers et aI., 1978;
Burger-Wiersma et aI., 1986; Pinevich et aI., 1999).
In contrast, spectrofluorimetric analyses of aqueous
extracts of the LL-adapted Prochlorococcus strain
SS 120 showed the presence of the phycoerythrin
(PE) chromophores, phycourobilin (PUB) and
phycoerythrobilin (PEB), with a dominance of the
former bile pigment (Hess et aI., 1996). These extracts
also contained low amounts of a protein with an
apparent molecular mass of21 kDa and cross-reacting
with an antibody against PE from Synechocystis
PCC6808. The genes encoding the a and f3 subunits
of this phycobiliprotein (cpeA and cpeB-like genes)
have been sequenced in SS120 (Hess et aI., 1996)
and in several other LL-adapted strains (Ting et aI.,
1998,2001; Penno et aI., 2000). In contrast, systematic
searches for PE genes or proteins in a number ofHLadapted strains always proved negative (Hess et aI.,
1996; Ting et aI., 1998; Rippka et aI., 2000). However,
examination ofthe MED4 genome recently revealed
that, in this strain, the cpeA-cpeB operon is reduced
to a highly degenerated form of the sole cpeB gene,
which surprisingly was shown to be weakly expressed
(Hess et aI., 2001; Ting et aI., 2001).
Proteins encoded by the cpeA and cpeB-like genes

Frederic Partensky and Laurence Garczarek
from SS120 andMIT9303 showed some peculiarities
with regard to known cyanobacterial PEs. This
includes a smaller size (17.3 vs. 19.3 kDa) due to two
stretches of deletion in variable parts of the gene, as
well as unusual sequences from aa 51 to 70 in the a
chain and from aa 147 to 162 in the f3 chain. The a
and f3 PE-subunits of SS 120 share 65 and 73%
identity with those of MIT9303, respectively (Ting
et aI., 1998). One important difference is the presence
ofonly one cysteine residue, a putative chromophore
binding site, in the a chain of SS 120 vs. two in that
of MIT9303. Thus, although P marinus SS120
phycoerythrin was classified as a novel type (PE-III;
Hess et aI., 1996), mainly based on this specificity,
the latter does not appear as a general characteristics
of the LL-adapted Prochlorococcus strains.
The genomic region surrounding the cpeA and
cpeB genes was entirely sequenced in SS 120 (Hess
et aI., 1999). It includes two genes (cpe Y and cpeZ)
encoding proteins implicated in PE biosynthesis and/
or chromophorylation, one gene (mpeX) encoding a
protein likely implicated in phycobilin biosynthesis
and one gene (ppeC) encoding a putative PE linker
polypeptide. This confirms that P marin us SS120
possesses the minimum set of genes necessary to
form a functional chromophore-binding PE (Section
II.B.4). In contrast, genes encoding other phycobiliprotein types, phycocyanin (PC) and allophycocyanin
(AP) are absent from the genomes of strains MIT
9313 and MED4(Hess etal., 2001)as well as SS120
(F. Partensky, unpublished).
Acaryochloris marina was also found to contain
phycobiliproteins, but in more significant amounts
than P. marinus (Marquardt et aI., 1997). Spectrophotometric measurements on membrane fractions
enriched in these phycobiliproteins showed the
presence of PC and AP-like pigments (absorption
maxima at 618 and 641 nm, respectively), with a
large dominance of the former pigment. Spectral
characteristics of these pigments however slightly
differ from those of the corresponding C-PC and CAP in typical cyanobacteria and they were suggested
to be novel phycobiliprotein types (Marquardt et aI.,
1997). SDS-PAGE analyses of phycobiliprotcin
fractions revealed two major bands at 16.2 and 17.4
kDa, which were identified by immuno-blotting as
PC and AP, respectively, and five minor bands at
24.5,26.3,31.6,51.3 and 57.5 kDa which were not
formerly identified. Hu et al. (1998) showed that
these phycobiliproteins are structurally and functionally associated with PS II, but not PS I. Beside

Chapter 3 The Photosynthetic Apparatus of Green Oxyphotobacteria
PC and Ap, Acaryochloris might also contain low
amounts ofPE, as suggested by a shoulder at ca. 560
nm in absorption and fluorescence excitation spectra
of PS II-enriched fractions. In contrast to an earlier
study (Marquardt et al., 1997), Hu et al. (1998) also
found that the fluorescence emission ofAcaryochloris
phycobiliprotein-PS II complexes was at 728 nm,
i.e. that the final emitter was not ChI a but ChI d.

C. Structure of the Photosynthetic Apparatus
1. Chi alb-Binding Antenna Complexes
When Prochloron was discovered, both the presence
of ChI b and the similarity of its photosynthetic
membrane ultrastructure to that ofhigher plant chloroplasts were considered as good indications that the
light-harvesting complexes of these two kinds of
organisms were similar (Giddings et al., 1980).
However, the biochemical characterization of
Prochloron sp. antenna proteins showed that their
apparent molecular masses, with a main band at 34
kDa (Schuster et al., 1984; Hiller and Larkum, 1985),
was larger than those of higher plants and green
algae (20-30 kDa; Green and Durnford, 1996).
Furthermore, their Chi a to b ratio was significantly
lower (2.3 vs. 1.2; Table 2) and they could not be
decorated with antibodies against spinach LHCP
complexes (Hiller and Larkum, 1985). Comparable
results were later obtained for P hollandica
(Bullerjahn et al., 1987), except that two main antenna
bands were observed with apparent molecular masses
of 30 and 33 kDa (note that antenna bands with
slightly different masses were reported in more recent
studies, e.g. 32 and 38 kDa in van der Staay et al.,
1998b or 32,33.5,35 and 38 kDa in van der Staay
and Staehelin, 1994). An antibody raised against the
30 kDa protein, 1) strongly cross-reacted with the 33
kDa protein of the same organism, suggesting that
these proteins were structurally related, 2) crossreacted with Prochloron 34 kDa antenna protein,
suggesting an homology between the antenna proteins
of these two organisms and 3) did not cross-react
with antenna proteins from maize, confirming the
dissimilarity between light harvesting complexes of
green oxyphotobacteria and those of higher plants
(Bullerjahn et al., 1990). Furthermore, Bullerjahn et
al. (1987) found that P hollandica antenna proteins
could be decorated with an antibody against Anacystis
nidulans IsiA (then called CPVI-4). IsiA is a protein
synthesized in abundance during iron-depletion in
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some Cyanobacteria (Laudenbach and Straus, 1988;
Leonhardt and Straus, 1992; Burnap et al., 1993;
Chapter 13, Larkum). Although Park et al. (1999)
first suggested that it has a role in non-radiative
dissipation of light energy in Synechococcus
PCC7942 (Park ct al., 1999), Bibby et al. (2001a)
recently showed its probable role in light-harvesting,
since IsiA molecules were found to make a ring
around PS I trimers in Synechocystis PCC 6803
(Section II.D.3). Bullerjahn et al. (1987) suggested
that IsiA and P hollandica antenna proteins might be
evolutionary divergent forms of an ancestral Chlprotein. It took nine years before sequencing of the
antenna genes of Prochloron didemni, Prochlorothrix hollandica and strains representative of both
ecotypes of Prochlorococcus (La Roche et al., 1996)
confirmed these hypotheses. The deduced antenna
proteins from the three organisms, so-called Pcb for
'prochlorophyte ChI b-binding protein,' belong to a
family ofChI-binding proteins having six membranespanning a-helices, including IsiA and the core ChI a
antenna proteins CP47 (PsbB) and CP43 (PsbC).
These proteins mainly differ from one another by the
length ofthe lumenal loop between helices V and VI,
which is 59 aa longer in CP47 than in CP43, itself
being ca. 92 aa longer than in most Pcb and IsiA
proteins. P hollandica possesses three different pcb
gene copies which are organized in an operon and
co-transcribed (van der Staay et al., 1998b). The first
two copies (pcbA and pcbS) are closely related to
each other and both encode proteins of similar
predicted mass (32 kDa), but which seem to be
distinguishable on SDS-PAGE: pcbA encodes an
abundant 32 kDa antenna protein, as confirmed by
peptide sequencing, whereas pcbll might encode one
of the minor proteins (probably the 33.5 kDa protein)
observed by van der Staay and Staehelin (1994). The
third pcb gene copy (pcbC), which encodes the 38
kDa antenna protein, appears to be much more
divergent (van der Staay et al., 1998b; Garczarek et
al., 2001b; Geiss et al., 200 1). Firstly, it is longer than
the other two pcb's from P hollandica, due to Nterminal and C-terminal extensions. Secondly, the
lumenal loop V-VI ofthe predicted protein is by far
the shortest of all known Pcbs (24 aa shorter than
P hollandica PcbA and PcbB).
Interestingly, Geiss et al. (200 1) have shown that
both Fischerella muscicola PCC73103 andAnabaena
sp. PCC7120 possess apcbC-like gene (Fig. 4) in an
operon with isiA, instead of the flavodoxin-encoding
gene isiB found in most other cyanobacteria
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investigated so far. The occurrence in typical PBScontaining cyanobacteria of such a pcbC-like gene,
which like isi A is only expressed during iron
starvation, suggests that the duplication event that
led to the appearance ofpcbC in P hollandica may be
distinct from the one that led to its two other pcbs
(Section II.D.3).
Prochloron didemni was found to possess both
one gene encoding its major 34 kDa antenna protein
and an isiA-like gene (La Roche et aI., 1996). No
such isiA -like gene has been detected in P hollandica
(van der Staay et aI., 1998b) nor is it present in the
genome of the HL-adapted Prochlorococcus strain
MED4, which possesses only one pcb gene copy.
Contrary to La Roche et al. (1996) finding that the
LL-adapted P marinus strain SS 120 also has a single
pcb gene copy, it was recently found that this strain
possesses seven different pcb gene copies (Garczarek
et aI., 2000; Garczarek et aI., 200 Ib). Examination of
SS 120 genome in fact reveals the presence of an
eighth copy (F.Partensky, unpublished). These copies
are located at different sites ofthe genome and are all
expressed. The multiplication of antenna genes in
this (and other) LL-adapted strains appears to have
resulted from a long-term adaptation to dim light
conditions. The phylogenetic tree in Fig. 4 shows the
relationships between Pcb and Pcb-like genes and
the other members of the six-helix protein family
(see also La Roche et aI., 1996; van der Staay et aI.,
1998b; Garczarek et aI., 200 Ib; Geiss et aI., 200 I, as
tree topology may slightly differ from one analysis to
the other). Preliminary analyses ofthe major antenna
system of Acaryochloris suggest that it is also related
to Pcbs, since it has a similar molecular mass (34-35
kDa; Chen et al., 200 I). Furthermore, a PCR product
with a sequence analogous to that of pcb genes was
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obtained by these authors using primers designed for
amplifying Prochlorococcus antenna genes.
Isolated antenna fractions of Prochloron sp.
exhibited fairly high Chi alb ratios of 2.2-2.4, as
compared to the 1.2 ratio generally reported for
higher plants (Table 2). For P hollandica, data
available in the literature are more variable (2.5-6;
Table 2), but the higher average ratio observed in
whole cells for Prochlorothrix than for Prochloron
suggests that the same is true at the antenna level.
Antenna complexes from the HL-adapted strain
Prochlorococcus sp. MED4 are particularly poor in
Chi b, whereas those ofthe LL-adapted strain SSI20
are as rich (and probably richer at very low light) as
higher plant LHC II (Table 2). Huge differences in
the ChI alb ratios observed between antennae of the
three known green oxyphotobacteria are particularly
striking since all Pcb proteins have the same number
(10) of putative Chi binding sites, which are located
in the hydrophobic parts ofthe molecule. By analogy
with CP43, Bibby et al. (200Ib) recently suggested
that Pcbs may in fact bind 15 Chis. It is not known yet
whether the eight different Pcb proteins of SS120
bind different numbers ofChi a 2 and Chi b molecules.
2. Supra molecular Organization of
Phycobiliproteins
BothProchlorothrix hollandica andProchloron spp.
are deprived of PBS, as suggested by the tight
appression of thylakoid membranes in TEM
photographs (Fig. I) and from the absence of
phycobiliproteins (Section Il.B.3). The occurrence
in Prochlorothrix 'scandica' oftiny (10 nm) electrondense hemicircles associated with the cytoplasmic
surface ofthylakoids (Fig. I J) had first suggested the

Fig. 4. Phylogenetic distance tree ofthe different members of the 6-helix Chi protein family obtained with the neighbor-joining method.
Letters at the internal branches correspond to those in the table showing bootstrap values for 500 replicate trees obtained with both
parsimony and neighbor joining methods. The following sequences were used in this analysis: Prochlorococcus marinus SSI20 PcbA
(U57661) and CP43 (AF354644), PcbB (AF 198526), PcbC (AF 198528), PcbD (AF 198527), PcbE (AF 198529), PcbF (AF 198530) and
PcbG (AFI98531), Prochlorococcus sp. MIT9313 PcbA (contig 402, orD93; http://www.jgi.doe.gov/JGCmicrobial/html), PcbB
(contig 406, orf 186; same web site) and CP43 (contig 402, orf218; same web site), PcbA Prochlorococcus sp. SB PcbA (AF354645),
Prochlorococcus sp. GP2 PcbA (AF354646); Prochlorococcus sp. TAK9803-02 PcbA (AF354647), Prochlorococcus sp. MED4 PcbA
(U57660), CP43 (AF354643) and CP47 (from MED4 genome database available at http://www.jgi.doe.gov/JGCmicrobiallhtml/),
Prochlorothrix hollandica PcbA, PcbB and PcbC (X97043), CP43 (U40144) and CP47 (X59614), Prochloron sp. Pcb (Z72476),
Synechocystis sp. PCC6803 IsiA (L26530) and CP43 (S06469), Synechococcus sp. PCC7942 IsiA (A30189) and CP43 (M20814),
Synechococcus sp. PCC7002 IsiA (A47673) and CP43 (l707315B),Anabaena sp. PCC7120 IsiA (S42648) and PcbC-like protein (contig
336, orf5; http://www.kazuka.oLjp/cyan02/anabaenaiindex.html)and CP43 (S42647), Fischerella muscicola PCC73 I03 IsiA (AJ295840)
and PcbC-like protein (AJ296 146), Pinus thunbergii CP43 (P41643), Chlamydomonas cugametos CP43 (Q08684), Odontella sinensis
CP43 (P49472), Porphyra purpurea CP43 (P51356). Analyses were done with the Phylip package on an alignment using the 264
common amino acid positions of these sequences (i.c. with no gaps). The table reports bootstrap values in neighbor joining (NJ) and
parsimony (pars), with 'I' indicating a different configuration in parsimony.
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possible presence of PBS-like structures, although
reduced to about 20% of the normal size of these
complexes in cyanobacteria (Pinevich et al., 1999).
However, since there was no spectrometric confirmation of the presence of phycobiliproteins in this
species (Section II.B.3), Pinevich et al. (1999)
suggested that these 'viridosomes' might rather
correspond to some extra-membranal extension of
an intrinsic antenna system. Observations are different
in the case ofLL-adapted strains ofProchlorococcus:
despite the unambiguous presence of PE within the
cells (Hess et al., 1996), ultrastructural studies showed
no evidence of PBS-like structures (Fig. 2A-B;
Chisholmetal., 1988, 1992; Lichtle et al., 1995).An
immuno-Iabeling study using specific polyclonal
antibodies against CpeA and CpeB has shown a
localization of PE within the thylakoid membranes
of P marin us strain SS120 (Fig. 2C for illustration),
but whether PE is located or not in the lumen remains
unclear (Hess et al., 1999). Despite its presence in
low amounts within P marinus cells, a lightharvesting function was suggested for this PE by
resuspending cells in 80% glycerol (Lokstein et al.,
1999).The resulting increase of the fluorescence
emission peak ofPE at 575 nm relative to that of ChI
a at 675 nm was thought to be due to a decoupling of
the PE from the PS II.
Phycobiliproteins ofAcaryochloris marina are also
not organized as typical PBS. Instead, this organism
was shown to contain small phycobiliprotein
aggregates which are rod-shaped structures of24.0 x
11.3 nm, composed offour ring-shaped subunits 5.8
nm thick and 11.7 nm in diameter (Marquardt et al.,
1997). These rods are thought to be composed of
four hexameric biliprotein units (afJ)6 aggregated
linearly by their flat faces. Using ultrathin sections of
Acaryochloris cells, Hu et al. (1998) observed that
some electron dense material, attributed to phycobiliproteins, was present between lamellae in
'unstacked' regions ofthylakoids. This was confirmed
by Marquardt et al. (2000) who showed that when
Acaryochloris cells are excited by green light,
predominantly absorbed byphycobiliproteins, several
(5-8) strongly fluorescent red spots could be observed
in the cell periphery, where the thylakoids are located.
3. Reaction Center /I
Prochlorothrix hollandica and Prochlorococcus sp.
MIT 9313 possess two psbA copies per genome
encoding an identical D 1 protein (Morden and
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Golden, 1989a), whereasProchlorococcussp. MED4
and P marinus SS120 have both a single psbA gene
copy, like chloroplast genomes (Hess et al., 1995,
2001). Presence ofa single D 1 protein type contrasts
with what is known in most PBS-containing
cyanobacteria, in which there are multiple (three or
four) psbA gene copies which encode two different
polypeptides and which are differentially regulated
by light (e.g. Golden et aI., 1986; Clarke et al., 1993).
The sole psbA gene of P marinus SS 120 was found
to be phylogenetically closer to Synechococcus
PCC7942 psbAI, encoding the D 1-1 isoform (Hess
et al., 1995), but its light regulation pattern, with a
rapid increase in expression after a shift from low to
high light, resembled more that of Synechococcus
psbAII/III genes encoding the D 1-2 isoform (GarciaFernandez et al., 1998).
Typical cyanobacteria possess both a psbD/C
operon (encoding D2 and CP43, respectively) and an
additional copy of psbD, and there are indications
that this might be the case in P hollandica as well
(S.S. Golden, personal communication). The second
psbD gene copy (psbDII), which in typical
cyanobacteria encodes the same D2 peptide as psbDI,
can provide an alternative source of transcript when
an overtranscription of D2 with regard to CP43 is
required (Colon-Lopez and Sherman, 1998). In
contrast, all Prochlorococcus strains examined to
date only have one psbD/C operon (Garczarek et al.,
2001a). As in most other cyanobacteria, the two
genes of this operon slightly overlap (by 92 bp),
which implies that the maturation of each psbD/C
mRNA precursor must lead either to a complete
psbD or psbC transcript, but not both. It was recently
found on cells synchronized by a light dark cycle
that during the late part of the night, this maturation
process mainly led to psbC transcripts, whereas,
during the day, part of the psbD/C mRNA precursor
pool was maturated into psbD mRNAs and the rest
into psbC mRNAs (Garczarek et al., 2001a).
The psbB gene encoding CP47 has also been
sequenced in P hollandica and P marin us for
phylogenetic purposes (Greer and Golden, 1991;
Urbach et a1., 1998). As in typical cyanobacteria but
contrary to plants, psbB of both green oxyphotobacteria is not in an operon withpsbH,petB andpetD
(encoding a 10 kDa phosphoprotein associated to the
RC II, cytochrome b6 and subunit 4 of cytochrome
b.f, respectively), but is isolated in the genome (Greer
and Golden, 1992; Urbach et a1., 1998). All PS II
core genes of Prochlorothrix and Prochlorococcus
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identified to date are generally well conserved with
regard to their homologues in typical cyanobacteria
and plants. This good conservation of the PS II
structure is also visible at the physiological level,
since using active thylakoids of Prochloron didemni,
Christen et al. (1999) were able to show that the
P680'· reduction kinetics was very similar to the
responses observed in typical cyanobacteria and
higher plants.

4. Reaction Center I
Using isolated PS I core fractions from Prochloron
sp., Schuster et al. (1984) were able to separate four
main polypeptide subunits (RC I-IV) of 70, 16, 10
and 8 kDa. The two larger subunits cross-reacted
with antibodies against subunits I (PsaA/PsaB) and
II (PsaD) from a higher plant, whereas the other two
were not characterized. In Prochlorothrix hollandica,
besides the major PS I core protein (PsaAiPsaB)
which made a broad band around 66 kDa, van der
Staay et al. (1993) observed six minor PS I bands of
apparent molecular masses lower than 20 kDa, which
were not identified. A similar observation was later
made on a purified PS I fraction from Acaryochloris
marina, and all subunits but two small ones were
identified by N-terminal sequencing as PsaC-F and
PsaK-L (JIu et al., 1998b). In a separate study, Hu et
al. (1998a) also compared the polypeptide content of
monomers and trimers of PS I and found them
similar, but for the lack of PsaK and a small
unidentified 6.5 kDa protein in the monomeric form,
both probably being involved in the formation ofthe
connecting domain ofPS I trimers. Marquardt et al.
(2000) have suggested that, in Acaryochloris, PS I
trimers do occur in vivo and can be observed on the
protoplasmic faces (PF) of thylakoid membranes
after freeze-fracture (Marquardt et al., 2000).
The number and apparent molecular masses of
minor PS I polypeptides found in both Prochlorothrix
or Acaryochloris are comparable with what is
currently known in PBS-containing cyanobacteria,
i.e. nine small subunits in the molecular mass range
on to 20 kDa (Golbeck, 1994; Chitnis et al., 1995).
In contrast, Garczarek et al. (1998) showed that PS 1enriched fractions from bothProchlorococcus SS 120
and MED4 exhibited an unusual pattern on denaturing
protein content with two bands of apparent 25 and 21
kDa which were identified by western blotting and
peptide sequencing as PsaL and PsaF, respectively.
The high molecular mass of PsaL was found to be
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due both to a unusual 35 amino acid (aa) long
hydrophobic extension near the N-terminus (van der
Staay et al., 1998a) and a 10 aa longer C-terminus, as
compared to Synechococcus PCC7002 PsaL. The Nterminal sequence of PsaL from P marinus showed
no homology to the transit peptide found in the
nuclear-encoded PsaL ofhigher plants (Flieger et al.,
1993). The product ofthe psa! gene, which is located
upstream P marin us psaL gene, is of similar size as
Synechococcus Psal and is well conserved (van der
Staay et al., 1998a). The unusual mass of PsaL
apparently does not alter the known function of the
PsaLiPsaI complex in PS I trimerization, since
trimers, of comparable size (25.6 nm x 7.3 nm) as
those described previously in P hollandica (21.7 nm
x 7 nm; van der Staay et al., 1993), were observed in
PS I preparations of Prochlorococcus sp. MED4
(Garczarek et a1., 1998) andP marin us SS 120 (Bibby
et al., 200 Ib). PsaF is thought to be involved in the
binding of plastocyanin (Scheller et al., 1997). The
additional mass of P marinus PsaF with regard to
those of other cyanobacteria is caused by two
insertions in the mature protein: 12 aa near the Nterminus and 9 aa in the middle ofthe mature protein,
only partially compensated for by a short deletion
near the N-terminus (van der Staay and Partensky,
1999). With a sequence identity of only 44 percent to
Synechococcus elongatus (Muhlenhoff et al., 1993),
P marinus PsaF appears to be much less conserved
than all other known cyanobacterial PsaF.
Among the green oxyphotobacteria, the major
PsaA and B subunits of the PS I core were only
sequenced in two Prochlorococcus strains. Although
these large polypeptides, consisting of II transmembrane a-helices, are generally strongly conserved, it
was recently shown that P marin us PsaA and, to a
lesser extent, PsaB sequences are fairly divergent
and in general longer than those of freshwater
cyanobacteria or chloroplasts (van der Staay et a1.,
2000). All the multiple insertions and deletions of
P marin us PsaA and PsaB are restricted to the least
conserved parts of the molecule, i.e, the extramembrane loops. Thus, the known function of the
PS I core in the binding ofcomponents ofthe electron
transport chain (Chitnis, 1996) is likely unaffected in
Prochlorococcus. An insertion found in the PsaA of
this organism, but not of other oxyphototrophs
(including the closely related species Synechococcus
WH7803), is located in the lumenal loop H which is
thoughtto interact with PsaF. It was therefore assumed
that this specific insertion in PsaA and the
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corresponding ones in PsaF from P marinus might
be involved in the interaction between these proteins
(van der Staay et al., 2000).

5. Other Photosynthetic Proteins
Few studies, mostly on Prochlorothrix hollandica,
have so far dealt with photosynthetic proteins other
than the antenna complexes or the PS I and PS II
cores. As in typical cyanobacteria, P hollandica
possesses an oxygen evolving complex (OEC)
constituted ofthe sole manganese-stabilizing protein
(MSP or PsbO), i.e. lacking the 17 and 23 kDa
components present in higher plants OEC (van der
Staay et al., 1992; Mor et al., 1993). This MSP is
particularly hydrophobic, as shown by Triton phase
partitioning. Thus, in P hollandica, the MSP is a
membrane-bound protein and not an extrinsic
membrane protein as in most other oxyphototrophs.
It was suggested that this property might be due to
the conservation of a hydrophobic leader peptide
sequence, known in other organisms to be processed
after anchoring of the OEC to the thylakoid
membrane. This hypothesis is seemingly consistent
with the higher apparent molecular mass of
P hollandica MSP (37 kDa) compared to other
cyanobacteria (33 kDa; Mor et al., 1993), although
this excess mass was later contested (van der Staay
and Staehelin, 1994).
Another photosynthetic protein of P hollandica
which has been intensively studied is plastocyanin, a
small (ca. 10 kDa) copper protein which serves as a
mobile electron carrier between cytochrome f and
PS 1. Prochlorothrix plastocyanin is the most
divergent member of the plastocyanin family with
e.g. only 56% similarity to Synechocystis PCC6803
(Arudchandran et al., 1994; Babu et al., 1999).Among
important alterations with regard to the plastocyanin
family consensus sequence are the replacement of
two conserved residues within the hydrophobic patch
surrounding the Cu ligand, a site which is thought to
be implicated in the binding of plastocyanin to PS I
(Babu et al., 1997). This implies that the formation of
a plastocyaniniPS I complex strongly depends on
hydrophobic interactions. Despite these specificities,
the overall folding pattern of Prochlorothrix
plastocyanin is similar to other plastocyanins in that
the protein forms a two-sheet j3-barrel tertiary
structure. In particular, the organization of the Cu
center ishighly conserved (Babu et al., 1999). Studies
on the expression of petE gene have shown that it is
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dependent on the presence of Cu in the medium
(Arudchandran and Bullerjahn, 1996). Indeed, the
stability of the gene product (plastocyanin) is
dependent on the presence of a Cu ion in the protein.
In some PBS-containing cyanobacteria, plastocyanin
is replaced by a small soluble protein, cytochrome C 553'
either during periods ofCu depletion or permanently.
The presence of Cyt c 553 in P hollandica is not clear
yet, since different sets of analyses using reduced
minus oxidized absorption spectroscopy led to
contradictory results (Matthijs et al., 1988; BurgerWiersma and Matthijs, 1990; Arudchandran and
Bullerjahn, 1996).
For Prochlorococcus, the recent availability ofthe
whole genomes ofthe MED4, MIT 9313 and SS120
strains now allows a complete view of the proteins
implicated in the photosynthetic apparatus of these
organisms (Hess et al., 2001). Figure 5 shows the
part of the photosynthetic apparatus of Prochlorococcus sp. MED410cated in the thylakoid membrane.
This strain, which has the smallest genome currently
known for an oxyphototroph (1.66 Mbp) possesses
over 120 photosynthetic genes, including a large
number of ORFs (22) encoding putative high-light
induced proteins (HLIPs), which are cyanobacterial
relatives to the eukaryotic Lhc protein family (Hess
et al., 2001; Bhaya et al., 2002). Several genes
implicated in PS II structure or functioning in
Synechocystis PCC6803 are however apparently
missing in MED4 (or possibly showing a very low
degree of sequence conservation), including psbU
(encoding an extrinsic 12 kDa protein of PS II) and
psb V( encoding Cyt C 550). In Synechocystis PCC6803,
it was shown using mutants that the PsbV protein
may playa role in optimizing the ion environment
and maintaining the functional structure ofthe OEC.
Interestingly,a double deletion mutant lacking Cyt C550
and PsbV grew photoautotrophically with a
phenotype identical to that of the single deletion
mutant ofCyt c550(Shen and Inoue, 1993; Shen et al.,
1997). This supports the view that PsbV cannot bind
to PS II in the absence ofCyt C550 . Therefore it makes
sense that Prochlorococcus sp. MED4 lacks both
these genes. The pet} gene, encoding Cyt c 553 also is
absent from the MED4 genome. Recently, Badger et
al. (2002) revealed through comparative genomics
another striking peculiarity of Prochlorococcus spp.
genomes. The microorganisms have specific
carboxysomes (termed a-carboxysomes) assoicated
with Form IA Rubisco which is close to that found in
a-proteobacteria but strongly divergent from Form
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Fig. 5. Diagram showing the photos ynthetic apparatu s of Prochlorococcus sp. MED4. Genes enco ding the proteins shown here have
either been individually sequenced (see text) or are present in the MED4 genome and have been identified by homology with those of
model organisms, such as Synecho cystis PCC6803 . Note that the MED4 strain possesses a single Pcb protein type which is thought to be
associated with PS II (T. S. Bibby, F. Partensky, J. Barber (unpublished). A number of putative minor PS II proteins identified in
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associated with the peripheral rods of PBS, is not yet known in green oxyphotobaeteria.

IE Rubisco present in freshwater cyanobacteria.
Furthermore, Prochlorococcus completely lack both
low- and high- affinity CO 2 uptake NDH-I transporters, HCO j"-ABC transporters (CmpABCD ) as
well as IctB homologs. They also appear to lack
carbonic anhydrases. Therefore , Prochloro coccus
spp. appear to be incapable of actively uptaking and
concentrating inorganic carbon unless they possess
some other (not currently characterized) carbon
uptake and concentration system (see Chapter II ,
Raven and Beardall, for more information on carbon
concentrating mechanisms in Cyanob acteria).
D. Dynamics of the Photosynthetic Apparatus
of Green Oxyphotobacteria
1. Long-term Acclimation to Light Changes
It is known in Cyanobacteria that one of the most

significant long term processes in photoacclimation
is the variation in photos ystem stoichiometry (Fujita
et aI., 1994 for a review). In Prochloron sp., Alberte
et al. ( 1986) surprisingly found similar RC I to RC II
ratios at LL (0.95) and HL (0.91), as a result of a covariation ofthe RC I and RC II cell contents within a
factor of about two. In Prochlorothrix hollandica, a

shift from LL to HL also provoked a halving ofRC II
cell content, but the effect on the photosystem
stoichiometry was more marked than in Prochloron
(Burger-Wier sma and Post, 1989). The number of
Chi a molecules per RC II decreased significantly at
HL (2.6 times) whereas the Chi a per RC I decreased
only 1.6 times. The RC I to RC II ratio changed from
2.3 at LL to 1.4 at HL. Light-induced variations of
this ratio are of similar direction and amplitud e
compared to those observed in Syn echocystis sp.
PCC6714 (Murakami and Fujita, 1991; Fujita et aI.,
1994). However, in the latter organism, this variation
is mainly due to variations in the number ofPS I per
cell , and not of PS II as in P. hollandica. For
Prochlorococcus, the RC I to RC II ratio has only
been measured in the LL-adapted strain SS120grown
under low irradi ance (0.71 ; Parten sky et aI., 1997).
Such a low ratio is similar to that found in the
cyanobacterium Aphanocapsa caps a when grown
under iron-depleted conditions (Sandmann, 1985).
A study of the thylakoid proteins of P. marin us
SS120 revealed that at high growth irradiance the
relative amount of antenna protein s was significantly
reduced with regard to that of other photosynthetic
proteins, including PS I and PS II cores (Parten sky et
aI., 1997). SS120 was found to display a greater
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plasticity of its antenna system with regard to light
compared to MED4, and this is probably related to
the adaptation of this strain to grow at very low
photon fluxes (Moore et al., 1995). However, amazingly, this apparent plasticity does not confer SS120
the ability to stand high growth irradiances, to which
MED4 appears to be better suited. It was recently
suggested that light-induced changes in the pattern
of antenna bands in SS120 must result from a posttranscriptional control ofthe expression of its multiple
pcb genes rather than a differential gene expression
(Garczarek et al., 2001b).
2. Short-term Acclimation to Light Changes:
State Transitions
The short-term regulation of light distribution
between PS I and PS II is controlled by a phenomenon
called state transitions (Mimuro et al., 1999; Chapter
13, Larkum). In cyanobacteria and red algae which
both harvest light with PBSs, recent evidence suggests
that state transitions probably consist in a rapid
lateral diffusion ofPBS away from PS II (Mullineaux
et al., 1997; Sarcina et al., 200 I), although there has
long been a controversy about the true mechanisms
implicated in this process (Fujita et al., 1994; Mimuro
et al., 1999). In higher plants and green algae, they
clearly consist in reversible changes in the
phosphorylation state of LHC II (Staehelin and van
der Staay, 1996) and lead to the migration of a
significant part of the LHC II from PS II to PS I,
located in stacked and unstacked regions of
thylakoids, respectively (Allen, 1992; Trissl and
Wilhelm, 1993; Chapter 13, Larkum). Lateral heterogeneity is less marked in green oxyphotobacteria
than in plants (Section ILA), and it has been
questioned whether state transitions occurred in these
prokaryotes. Schuster et al. (1984) showed that when
intact Prochloron cells were subjected to modulated
blue light (480 nm), addition ofPS I light (690,700
or 710 nm) did not elicit any appreciable change in
the emitted fluorescence measured at 686 nm,
although the same experimental set up induced a 2030% reduction of PS II fluorescence in Chlamydomonas reinhardtii. In contrast, the occurrence of
state transitions was observed in P hollandica in
vivo (Burger-Wiersma and Post, 1989; Post et al.,
1992). The kinase could be activated by white light
and red light (PS II light or light 2) and inactivated by
far red light (PS I light or light I) and in the dark.
In vitro, the major 34 kDa antenna protein of
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Prochloron sp. showed a similar phosphorylation
pattern when membranes were incubated in light or
dark, suggesting the presence of a constantly active
kinase (Schuster et al., 1984). It was concluded that
in this organism the permanently phosphorylated
antenna may prevent state transitions in vivo. In
P hollandica, Post et al. (1992) also found indications
of a constantly active kinase phosphorylating a 35
kDa ChI alb-protein when thylakoids were prepared
according to standard procedures. However, when
thylakoids were subjected to prolonged dark
incubation before isolation, the kinase became
inactive and could be rapidly re-activated in the light,
an effect which was enhanced in presence of NaF,
which inhibits dephosphorylation and locks cells in
state 2. In a later study, it was shown that, as in green
eukaryotes, phosphorylation of the major (35 kDa)
antenna protein was more intense in light 2 than light
1 (Post et al., 1993). Thus, it was concluded that P
hollandica possesses a light/redox-controlled kinase
which is very slowly de-activated in the dark, in
contrast to higher plants and algae in which dark deactivation occurs within 10-20 min only (Post et al.,
1992). It was also suggested that the kinase of
Prochloron sp. must have a similar behavior in vitro
as that of P hollandica, a behavior which may have
been missed with the approach used by Schuster et
al. (1984). This hypothesis is consistent with the fact
that Prochloron sp. cells in hospite exhibit a slow
dark relaxation ofthe non-photochemical quenching
factor qn after illumination (Schreiber et al., 1997).
More recently, van der Staay and Staehelin (1994)
re-examined the patterns of phosphorylation in
P hollandica. They confirmed that the phosphorylation of a ChI alb antenna protein of 38 kDa
(corresponding to the '35 kDa' protein observed by
Post et al., 1992) could be strongly enhanced by
incubating in the light, rather than in the dark,
thylakoids extracted from dark-acclimated cells. This
protein was later identified as the product of the
pcbC gene (van der Staay et al., 1998b). This gene is
significantly divergent from the other antenna genes
from P hollandica, pcbA and pcbB (Section II.C.l),
the products of which apparently do not undergo
phosphorylation. Interestingly, a short treatment by
trypsin, which is known to remove stroma exposed
parts of proteins, caused the disappearance of the
radioactive labeling. Furthermore, the corresponding
38 kDa band also disappeared in the Coomassiestained gels ofwhole thylakoids. This was interpreted
as the loss of the phosphorylated stroma domain of
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'unstacked' membranes.

PcbC, which caused the protein to move into the
molecular mass range of bulk of antenna proteins,
32-35 kDa. van der Staay and Staehelin (1994) also
confirmed the previous result (van der Staay et aI.,
1989) that unstainable proteins in the 28-30 kDa
range (cor respon ding to the ' 23' and '2 5 kDa '
phosphorylated proteins observe d by Post et aI.,
1992) were strongly phosp horylated. However, they
sugges ted that these were extrinsic protei ns, since
they could be removed by a wash with a mild detergent
withou t extracting ChI.
States I and states 2 transitions have never been
studie d in Prochlorococcus. However because ofthe
differences in the number and localization ofantenna
proteins between LL and HL-a dapted Prochloro-

coccus strains (Section II.C.I ), it would be very
interesting to examine whether these strains have the
same type of regulation .

3. Associa tion of Antenna Complexes to
Photosystems and the Effect of State
Transitions
One of the most controversial questions about green
oxyph otobacteria (besi des phylogeny) has been
whether the antenna complexes are struc turally and
functiona lly linked to PS I or to PS II or both.
Although the hypothesis ofa prefe rential association
ofthe antenna to PS I was first evoked for Prochloron
(Schuster et al., 1984), most studies aiming at proving
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(or disproving) it were done onProchlorothrix hollandica. Figure 6 shows the two main models that have
been proposed for the organization of the ChI albbinding antenna complexes within the thylakoid
membranes of this organism in state I and state 2.
The three main antenna proteins of P hollandica
have been tentatively named PcbA, Band C, in light
of their recent characterization (La Roche et a!.,
1996; van der Staay et a!., 1998b).
The first model (model A; Bullerjahn and Post,
1993; Post et a!., 1993; Post and Bullerjahn, 1994)
assumes that, in state 1 (occurring in dark, low light
or far red light), the main antenna complex serves
both photosystems whereas, in state 2 (occurring in
red light or after shifts from darkness to light), the
PS II center together with a minor antenna complex
would decouple from the PS 1.The first evidences for
supporting this model arose from biochemical studies.
Non-denaturing green gel fractionation with either
maltosidc (Bullerjahn et a!., 1987) or Deriphat 160
(Post et a!., 1992) gave a PS l-enriched fraction
(CP1) which, on SDS-PAGE, was found to contain
low amounts of antenna proteins in the range 30-35
kDa. Another fraction contained CP43 and CP47, as
checked immunologically (Bullerjahn et a!., 1987),
but no antenna proteins, and was assigned to a PS II
core fraction. The bulk of antenna proteins was
found in the other fractions (CP2, 3 and 5) which
were apparently devoid of both PS 1 and PS II core
complexes.
Some biophysical arguments have also been evoked
in favor of the preferential association ofthe ChI alb
antenna to PS 1. These included the presence of a
small peak around 470 nm (attributed to ChI b) in the
fluorescence excitation spectra of PS l-enriched
fractions or PS I particles (with emission set at 717
nm), suggesting a functional coupling of ChI b to the
RC I (Bullerjahn et a!., 1987; Post et al., 1993).
Moreover, the low temperature fluorescence emission
spectrum ofwhole P hollandica cells showed a more
pronounced peak at 713 nm (due to PS I), when the
excitation wavelength was 470 nm (preferentially
absorbed by ChI b) than 435 nm (preferentially
absorbed by ChI a; Post et a!., 1993). These authors
also noted that dark-adapted P hollandica cells
exhibited a low maximal fluorescence emission (F,naJ
and a slow rise to Fmax ' as compared to the green alga
Chlamydomonas reinhardtii, suggesting that the
prokaryote could possess a much smaller PS II
antenna than the eukaryote. Finally, they found that
the phosphorylation state of whole membranes on
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one hand and of PS I particles plus their putative
antenna on the other hand were similar, and they
interpreted this as an indication that the antenna was
associated with the PS I, irrespective of the
phosphorylation state (Post et a!., 1993).
To further defend and generalize this model, Post
and Bullcrjahn (Post and Bullerjahn, 1994) argued
that previous studies on Prochloron had shown that
the bulk ofantenna apoproteins and ChI b co-purified
with PS I. Schuster ct a!. (1984) evoked this possibility
after having found a light-independent kinase activity
of Prochloron sp. thylakoids, but this result was later
questioned by the discovery of a different behavior
for P hollandica thylakoids (Post and Bullerjahn,
1993; Section II.D.2). Hiller et a!. (1985) showed
that a significant amount of ChI b was found in a
PS I-enriched fraction. However, this fraction
possessed only little if any antenna protein and was
Icss enriched in ChI b than upper fractions in the
sucrose gradient (ChI a to ChI b ratios of3.7 and2.6,
respectively), which contained the bulk ofthe antenna
complexes. In much the same way, PS l-enriched
fractions from P marinus were also found to contain
significant amounts of ChI b 2 despite very low
amounts ofantenna proteins (Garczarek et a!., 1998).
It was concluded that most ofthis ChI b2 was probably
associated directly with the PS I core. This hypothesis
is reinforced by recent experiments of introduction
of Arabidopsis cao gene in the genome of Synechocystis sp. PCC6803 (Satoh et a!., 200 I). Transformed
cells accumulated ChI b, which constituted from 1.4
to 10.6% ofthe total ChI pool, and this pigment was
preferentially incorporated into the P700-Chl a-protein complex (CPI) and was able to transfer light
energy to ChI a. These authors also showed that,
contrary to what was thought before, green eukaryotes
themselves may well have some ChI b bound in the
PS I core proteins, so the same is likely for all green
oxyphotobacteria.
Model B was based on a study in which 'stacked'
and 'unstacked' domains of P hollandica thylakoids
(Section II.A) were separated by methods previously
used for the separation of grana and stroma domains
of chloroplasts (van der Staay and Staehelin, 1994).
These authors showed that 'stacked' domains of
P hollandica cells in state 1 were enriched in PS II
and ChI alb antenna proteins whereas 'unstacked'
domains contained PS 1 and ATP synthase, an
organization similar to that in green plants. To check
whether state 2 would induce a tight coupling ofthe
major antenna proteins to PS I (as assumed by
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model A), van der Staay and Staehelin also did a
two-dimensional electrophoresis of phosphorylated
thylakoid proteins from P. hollandica cells subjected
to a shift from darkness to light. They showed that the
38 kDa phosphorylated antenna (later identified as
PcbC; Fig. 6) migrated close to, but did not comigrate with, PS l.In contrast, some antenna proteins
did migrate with the PS II core proteins. van der
Staay and Staehelin (1994) also checked whether in
state 2, part ofthe Proch lorothrix antenna pool could
migrate from the 'stacked' to the 'unstacked' domains
after phosphorylation, as is the case for the LHC II
of higher plants, but they found no clear evidence of
an enrichment in phosphorylated antenna proteins in
'unstacked' membranes. Thus, they assumed that the
phosphorylation may simply cause a functional
disconnection ofthe ChI a/b-PcbC complex from the
PS II, as independently evidenced by fluorescence
induction studies showing a reduced antenna size in
state 2 (Postet aI., 1993), but without further coupling
to PS 1. This mechanism would provide a rapid way
of protecting PS II against the deleterious effects of
high light exposure but would not allow cells to
balance the excitation energy between the two
photosystems, as it does in chloroplasts. Since dephosphorylation takes much longer for P. hollandica
PcbC than for plant LHCs (Post et aI., 1993), it was
proposed that phosphorylation may also target PcbC
for degradation (van der Staay and Staehelin, 1994).
So which model is most likely? The putative
occurrence ofa PS I-antenna-PS II supercomplex in
state 1, as proposed in model A is at odds with the
fact that the two photo systems have very different
exciton trapping kinetics (Trissl and Wilhelm, 1993;
van der Staay and Staehelin, 1994). Since PS I is
much faster than PS II, most of the photon energy
harvested by an antenna complex having such a
configuration would be diverted to PS 1. However,
this model would be compatible with the observation
of a lateral heterogeneity of thylakoid membranes
(Miller et aI., 1988; Golecki, 1989) whenProchlorothrix cells are in state 2, but not when they are in
state 1.The truth might well be intermediate between
these two models. The recent discovery of the
supramolecular organization oflsiA, forming an 18mer ring around PS I trimers, in iron depleted
Synechocystis PCC 6803 cells (Bibby et aI., 2001a)
andSynechococcus PCC 7942 (Boekema et aI., 2001)
has given rise to the idea that the antennae of green
oxyphotobacteria could be organized in a similar
way. PS I trimers surrounded by a crown of Pcb
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molecules were actually observed in the LL-adapted
Prochlorococcus marin us strain SS 120 (Bibby et aI.,
2001b). Thus, the occurrence of a PS I antenna, as
proposed in model A, is confirmed in this species. As
shown in Fig. 4, the Pcb proteins of P. marin us SS120
make two separate clusters in phylogenetic analyses,
suggestive of a possible differentiation in their
function. This led Garczarek et al. (2001 b) to
hypothesize that while some Pcb proteins have been
recruited to make an antenna for PS I, the other Pcb
types might be specifically involved in lightharvesting
for PS II, in a way reminiscent ofthe LHC I and II of
higher plants. This hypothesis was recently confirmed
by TEM showing Pcb rings around PS II dimers in P.
marinus SS120 (T. S. Bibby, 1. Nield, F. Partensky
and 1. Barber, unpublished). The same is also possible
for Prochlorothrix hollandica (although no ring
around PS I was observed around trimers by van der
Staay et aI., 1993) and Prochloron didemni which
both have two types of Pcb or IsiA-like proteins, but
the question remains opens for the HL-adapted
Prochlorococcus sp. strain MED4 which has only
one Pcb type (Section II.C.l) as well as for
Acaryochloris marina.
III. Green Oxyphotobacteria and the
Endosymbiotic Theory of Green Plastids
Evolution

A. Molecular Phylogeny of ChI b-Containing
Oxyphotobacteria
1. Evidences for Polyphyly
Early analyses of the 5S rRNA sequence of
Prochloron sp. (McKay et aI., 1982) then partial 16S
rRNA sequences of both Prochloron sp. and
Prochlorothrix hollandica (Seewaldt and Staekebrandt, 1982; Turner et al., 1989) have rapidly
disappointed the hope that these organisms may be
descendants from the progenitor of green plastids.
This view was once supported by the discovery of a
seven amino acid gap in P. hollandica D 1C-terminus,
which is also present in D 1 sequences from higher
plants but not from Cyanobacteria (Morden and
Golden, 1989a; Morden and Golden, 1989b).
However, a re-analysis of D 1 phylogeny using D2 as
an outgroup led to the conclusion that this gap may in
fact be a primitive trait (Lockhart et aI., I992a).
Furthermore, it was later found that this gap was
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absent from Prochloron didemni and Prochlorococcus
marinus D1 (Lockhart et al., 1993; Hess et al., 1995),
and was therefore not a unifying trait of green
oxyphotobacteria. More recent analyses ofpartial or
complete 16S rRNA (Urbach et a1., 1992, 1998;
Wi1motte, 1994; Nelissen et al., 1995; Honda et al.,
1999),psbA (Hess et al., 1995) and rpoCI (Palenik
and I-Iaselkorn, 1992) gene sequences from all three
green oxyphotobacteria have confirmed that they are
positioned on different branches ofthe cyanobacterial
radiation and have no common ancestor. It has been
argued that the apparent polyphyly of green
oxyphotobacteria and green plastids might be an
artifact due to multiple substitution biases (Lockhart
et a1., 1992b, 1993). Figure 7, however, shows a
recent example of a l6S rRNA tree drawn using a
method insensitive to substitution biases and a large
number (53) of Cyanobacteria and photosynthetic
plastids (Turner et a1., 1999) which demonstrates
that this problem does not fundamentally change the
current view of a polyphyly of green oxyphotobacteria. Interestingly in this analysis, Turner and
coworkers suggest that Prochloron, Prochlorothrix
and Prochlorococcus belong to three distinct monophyletic groups, among the nine they identify within
Cyanobacteria. This polyphyletic view is further
supported by the fact that at least two green
oxyphotobacteria are not only genetically closely
related to typical PBS-containing cyanobacteria but
also share clearly a number of morphological,
cytological and/or habitat characteristics with them.
Indeed, Prochloron didemni and Synechocystis
trididemni not only occupy the same habitat, since
both are symbionts of didemnid ascidians, but the
similarity between their ultrastructure is striking,
since they both lack a central nucleoid and have a
comparable DNA arrangement (Lewin and Withers,
1975; Cox, 1986). It was recently found that the 16S
rRNA sequences ofthese two organisms share 93.3%
identity, a relatedness which was confirmed by
analysis of their rbcL sequences (Shimada et a1.,
1999). Thus, Synechocystis trididemni was found to
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be phylogenetieally closer to Prochloron than to
non-symbiotic Synechocystis. Similarly, Prochlorococcus marinus has many traits in common, besides
its habitat, with marine Synechococcus spp.
(Chisholm et al., 1988; Partensky et al., 1999b).
These two groups of marine oxyphotobacteria
unambiguously form a monophyletic clade (Palenik
and I-Iaselkorn, 1992; Urbach et a1., 1992; Urbach et
al., 1998). A considerable variation in GC content
exists among Prochlorococcus strains (from 30 to
50%; Hess et a1., 200 I). Nevertheless, they all group
together (Urbach et al., 1998) and strains with the
highest G+C% appear (possibly artifactually;
Lockhart et al., 1992b) as the closest relatives to
marine Synechococcus which also have a high G+C%.
As mentioned above, P. marin us possesses divergent
PS I core genes, psaA and psaB, which cluster with
the corresponding genes ofthe marine Synechococcus
sp. WI-I7803 well apart from those of all other
oxyphototrophs (van der Staay et al., 2000). Many
more examples of the close relatedness between
these marine prokaryotes may soon be found as a
result from whole genome comparisons of Synechococcus sp. WH81 02 and the Prochlorococcus strains
(MED4, MIT9313 and SS120) which have recently
been sequenced (the U.S. Joint Genome Institute
web site at http://www.jgi.doe.gov/JGCmierobial/
html/) and the Genoscope (http://www.genoscope.Fr/
extcrne/English/Projets/. Although similarities in
morphology or habitat could merely be the result of
convergent evolution, this would no longer be the
case if this similarity is confirmed by a close genetic
relatedness. Although P. hollandica shares a number
of similarities with Oscillatoria limnetica, a
filamentous species which thrives in the same lakes
and with which it is often mistaken (Burger-Wiersma
et al., 1989), molecular studies are still required to
confirm their genetic relatedness.
The deviant pigmentation of the green oxyphotobacteria with regard to typical cyanobacteria must
result from strong selective pressures, including light
climate, nutrient availability and competition with

Fig. 7. Unrooted phylogenetic tree of 53 cyanobacterial and 10 plastid SSU rRNA sequences inferred by maximum likelihood analysis.
Lengths of horizontal branches corresponds to the number of substitution per sequence position as indicated by the scale bar. Specific
epithets are provided only for those taxa the identity of which would otherwise be ambiguous (S. 'elongatus '), Names in quotes designate
strains likely to have been taxonomically misidentified. Numbers on branches represent relative likelihood support (RLS) scores rounded
down to the nearest percentile. SSU rRNA sequence groups as identified by Turner (1997) are indicated by brackets on the right with
abbreviations as follow: GBACT-Gloeobacter sequence group; LEPT-Leptolyngbya sequence group; NOST-Nostoc sequence group;
OSC-Oscillatoria sequence group; PHOR-Phormidium sequence group; PSAN-Pseudanabaena sequence group; PLAST-'Plastid'
sequence group; SO-Synechococcus sequence group; S/pfM-Synechocystis/Pleurocapsa/Mycrucystis sequence group; UNIT-'unicellular
thermophilic' sequence group. Reprinted from Turner et al. (1999) with permission.
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PBS-containing cyanobacteria. In the case of
Prochloron, a further factor may have favored the
shift in pigmentation: its symbiosis with ascidians
(Albcrte, 1989). It is interesting to note that the two
other prokaryotes which are known to live in
association with didemnid ascidians, Synechocystis
trididemni andAcaryochloris marina, have developed
a pigmentation suited for collecting slightly different
qualities of light as docs Prochloron in both the bluegreen and the red region of visible light spectra
(Miyashita et al., 1997).

2. Significance of Genes Specific to Green
Oxyphotobacteria
Despite accumulating evidences supporting the
polyphyly ofgreen oxyphotobacteria, the occurrence
in these organisms ofa specific gene family encoding
their light-harvesting complexes was until recently
taken as an indication of their common ancestry
(Larkum and Howe, 1997). As mentioned above,
most pcb genes have large homologies with
cyanobacterial isi.A and likely derive from it.
Amazingly, isiA does not seem to be present in
marine Synechococcus spp. (1. La Roche, personal
communication; L. Garczarek and F. Partensky,
unpublished), as confirmed by blast searches in the
recently released genome of Synechococcus WH
8102. This implies either that this gene was lost after
the divergence ofthe Synechococcus and Prochlorococcus clades or, less likely, that Prochlorococcus
pcb derives from another related gene, i.e. either
psbC or psbD. There are several examples of recent
gene loss or degeneration in the P marin us genome,
including the PE cluster (Section Il.B.3) or genes
implicated in nitrate and nitrite assimilation (Moore
et al., 2002), and it is quite possible that a similar
process has occurred in marine Synechococcus as
well, but for other genes, such as isiA.
The second gene which is supposedly common to
all three green oxyphotobacteria is cao, encoding the
Chi a oxygenase (Tomitani et al., 1999). This enzyme,
first characterized in green eukaryotes (Tanaka et al.,
1998), has binding domains for a (2Fe-2S) Rieske
center and for a mononuclear non-haem iron which
are very conserved. Prochloron didemni and P
hollandica Caos share 69% identical amino acid
residues and their sequence include two small gaps,
which were thought to be specific for green
oxyphotobacteria. However, attempts to clone and
sequence the cao gene from P marin us SS 120 were

Frederic Partensky and Laurence Garczarek
unsuccessful (A. Tanaka, personal communication).
Both Prochlorococcus sp. strains MED4 and MIT
9313 have genes encoding a protein with two
oxygenase-specific motifs, but its Ricske binding
site is not conserved and the C-terminal part of the
molecule shows no homology to other Caos (Hess et
al., 2001). Such a divergence might either be related
to the fact that, in Prochlorococcus, this enzyme has
a different substrate (Chi az) to other oxyphototrophs
(Chi at) or might indicate that this oxygenase is from
another pathway. In any case, absence of a gene
closely related to P didemni or P hollandica cao
strongly supports the hypothesis ofa fully independent
acquisition by Prochlorococcus of Chi b (actually
Chi bz and Chi b., the latter being only present in LLadapted strains; Section II.B.l). It remains possible
however that the progenitor of all oxyphotobacteria
and chloroplasts had both phycobiliproteins and Chi b
(Tomitani et al., 1999), but, in that case, the ability to
produce Chi b must have been lost in the cyanobacterial ancestor ofProchlorococcus and re-invented
later.

B. Could the Progenitor of Green Algae and
Plants Still Be a Chi b-Containing
Oxyphotobacterium?
Based on the idea that systematic biases in
phylogenetic tree building must provide a wrong
picture of the true phylogeny of green oxyphotobacteria, Lockhart et al. (1993) interpreted the indel
within the D I C-terminus of Prochlorothrix
hollandica (Section III.A.l) as a reliable indication
that this organism was the most closely related
prokaryote to higher plant chloroplasts. The
significance of this single character was however
dismissed by others (Kishino et aI., 1990). The
discovery of a distinct antenna system in this (and
other) green oxyphotobacterium also argues against
this relatedness (La Roche et al., 1996; van der Staay
et aI., 1998b). So, one may wonder whether green
oxyphotobacteria still have some potential in
explaining the ancestry of eukaryotic algae, in
particular green plastids. Many recent phylogenetic
studies using a variety of genes (except rbcL, which
is often transferred laterally; Delwiche and Palmer,
1996; Pichard et al., 1997) have concluded that all
plastid lineages shared a single common ancestor
embodying the individual properties of present-day
lineages (for a review, see Douglas, 1998). The PE
found in LL-adapted Prochlorococcus or the PC and
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APC found in Acaryochloris suggest that organisms
having at the same time functional PBS and an
intrinsic Chi a/b(/c)-binding antenna may well have
existed. However,one cannot eliminate the hypothesis
that there have been two (or more) near-simultaneous
events of endosymbiotic colonization of eukaryotic
cells by different photosynthetic prokaryotes which
were phylogenetically close, but had already
differentiated antenna systems, leading to presentday red and green lineages. At least two of the three
genera of green oxyphotobacteria known nowadays
offer such examples ofboth a striking differentiation
of pigmentation and a close genetic proximity with
typical livingcyanobacterial species (Section lll.A.l).
So, should we expect to discover in the future a
prokaryote with a CAB-like antenna or has this type
of antenna with only three hydrophobic domains
been invented after the original endosymbiotic event?
The current scheme of CAB origin assumes a twohelix HLIP-like progenitor, which by gene duplication
then fusion has given a four-helix PsbS-like ancestor.
The latter would then have lost one helix by deletion
to give the modern three helix CABs (Green and
Pichersky, 1994; Grossman et al., 1995). However, a
remarkable configuration ofORFs in the genome of
Prochlorococcus sp. MED4 suggests an alternative
hypothesis (Garezarek, 2000). One ORF encoding a
putative l-helix HLIP-like protein is followed,
although in a different reading frame, by an ORF
coding for a putative 2-helix HLIP-like protein whose
second helix closely resembles the I-helix HLIP
protein. A mere mutational event at only two
nucleotide sites could therefore yield a gene putatively
encoding a Lhc-like 3-helix protein with, as expected,
similar a-helices 1 and 3 and a dissimilar a-helix 2
(Garczarek, 2000). If Prochlorococcus sp. MED4
almost managed to have a lhc-like gene, it is quite
possible that another prokaryote (still to be
discovered) has acquired a complete and functional
one.
IV. Concluding Remarks

Only few characters and properties apart from the
pigmentation, morphology or general ultrastructure
have been looked at in detail in Prochloron,
Prochlorothrix and Prochlorococcus, making
extensive comparisons between these genera difficult.
From the partial comparative picture we drew here,
only very few characters seem to unify these green
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oxyphotobaeteria.lndeed, although pigmentation was
considered a unifying trait of this morphologically
disparate group of organisms, it is surprising to note
that in fact only one pigment (zeaxanthin) is common
to all of them, and this pigment is also present in
typical PBS-containing cyanobacteria (Table I).
Some Chi b, is present in LL-adapted Prochlorococcus strains but the biosynthetic pathway leading
to this pigment is most probably different from that
in the other green oxyphotobacteria or higher plants.
The presence ofPchlide az inProchloron, Prochlorococcus and Acaryochloris is also noteworthy, as it is
found in one eukaryotic group, the micromonads.
Although presence of this pigment was once taken as
an indication of the monophyly of green oxyphotobacteria (Larkum et al., 1994), this pigment is in fact
a mere intermediate of Chi biosynthesis which, for
some unknown reason, is accumulated in these
particular organisms but not in all others, including
P hollandica (Helfrich et al., 1999). Thus, more than
their pigmentation, it is the nature of their intrinsic
antenna system, consisting of 6-helix Pcb proteins
binding monovinyl- or divinyl-Chls a and b, low
amounts of ChI c (except in Prochlorothrix) as well
as a- or f3-carotene, which best unifies the green
oxyphotobacteria. The occurrence of these proteins
in all three known genera of green oxyphotobacteria
was also taken as a proof of the monophyly of these
organisms (Larkum and Howe, 1997), but their
homology to iron-stress proteins (IsiA) found in
freshwater cyanobacteria species casts some doubt
about this argument, even if absence of IsiA in
marine Synechococcus spp. is intriguing. The
presence in Prochloron and Prochlorothrix, but not
typical cyanobacteria investigated so far, of the cao
gene, encoding the enzyme responsible from the
formation ofChi b from Chi a, remains troublesome.
Again, the high divergence of Prochlorococcus sp.
MED4 cao-like gene (confirmation that it is a true
cao awaits confirmation by genetic manipulation)
with regard to the cao found in P didemni and P
hollandica points out a very ancient common origin
for these organisms possibly dating back to the
precursor of all oxyphotobacteria. A search for the
cao gene in Synechococcus sp. (CALU strain 1054)
which exhibited traces of a Chi b-like pigment
(Pinevich et al., 1997) might shed some more light
on this interesting issue. The release of the full
genome ofseveral Prochlorococcus strains may lead
to the discovery of other unsuspected genes, which
may be specific either to this sole genus or to all
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green oxyphotobacteria. Apart from the cao gene, it
seems that most characters that are common to these
organisms, including the occurrence of lateral
heterogeneity (which still needs to be demonstrated
for Prochlorococcus) are the direct consequence of
the acquisition (or retention?) of this structurally
similar antenna. Most other traits found in green
oxyphotobacteria are either common with typical
cyanobacteria, consistent with most molecular
phylogeny studies, or unique to one of these three
organisms. Thus, the main conclusion that can be
inferred from the present review is that green
oxyphotobacteria must all have recently evolved from
different PBS-containing oxyphotobacteria, with
fairly minor changes in morphology or physiology
except those imposed by their newly acquired lightharvesting system and pigmentation. This event,
which apparently occurred rarely during evolution
(compare these three to four unusual genera with one
to two species each to the ca. 55 highly diversified
genera with some 1,300 species of PBS-containing
cyanobacteria known to date (Rippka et al., 1979;
Castenholz et al., 200 I), has probably resulted from
adaptations to peculiar niches.
It is fairly clear that none of the three genera of
green oxyphotobaeteria known to date is the direct
descendant ofthe long sought -after ancestor ofgreen
plastids. But given that such atypical organisms can
virtually be found in any branch ofthe Cyanobacteria
(Fig. 4), we could still discover in the future some
new Chi b-eontaining oxyphotobacterium which
would shed more light on these early processes of
eukaryotic algal evolution.
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Summary
The tremendous diversity in the pigment binding ability of the light-harvesting complexes (LHCs) in different
algal groups is a testament to the complex evolutionary relationships amongst them. Though an LHC genes are
related and likely derived from a single ancestral gene, we broadly can place all LHCs into two categories-the
chlorophyll alb-binding and the chlorophyll aic-binding proteins. The former category includes LHCs from the
Chlorophyta, Euglenophyta and the Chloraracniophyta. The latter group encompasses antennae from the
Rhodophyta, Heterokontophyta, Haptophyta, Cryptophyta and the Dinophyta. Being such an important factor
in the ability of an alga to utilize the available light in a particular environment, an analysis ofthe LH C structure
and function will provide information on the diversification of algae and the acquisition of plastids and
photosynthesis and their inherent ability to acclimate to environmental changes. The different LHCs and the
genes encoding them from these major eukaryotic algal divisions are reviewed with an emphasis on recent
developments in gene structure, organization, regulation and evolution.
*Email: durnford@unb.ca
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I. Introduction
Light-harvesting complexes (LHCs) are a ubiquitous
feature in photosynthetic organisms that specifically
bind pigments (chlorophylls and carotenoids) in a
manner that determines their position and orientation;
this allows for efficient capture of light and transfer
of the excitation energy to the reaction centers.
Chlorophyll (Chi) a is a universal constituent of the
cukaryotic LHCs, though there is tremendous
variation in the type of accessory chlorophylls and!
or carotenoids, especially in the different groups of
algae (Hiller et aI., 1991; Grossman et aI., 1995;
Green and Dumford, 1996). Carotenoids are essential
for the proper functioning of all LHCs and the types
of carotenoids found associated with algal antennae
are particularly diverse. Typically in higher plants
and many green algae, carotenoids primarily have a
photoprotective role as the carotenoids do not make
a significant contribution to the absorption spectrum.
However, in many algal divisions, especially the
Chi ale-containing organisms, carotenoids are
abundant and make significant contributions to the
absorption of light. Carotenoids that playa dominant
role in light capture typically absorb in the 480560 nm range, significantly broadening the absorption
capabilities in a region where chlorophylls have poor
absorption (Chapter 15, Mimuro and Akimoto).
Despite the tremendous diversity in pigment
composition there are three defining features of all
eukaryotic light-harvesting proteins: (1) all possess
three transmembrane alpha helices where most of
the chlorophyll binding sites reside (Kiihlbrandt et
aI., 1994)-an exception is the psbS gene product
that is predicted to form four membrane-spanning
regions (Kim et aI., 1992), (2) all LHCs bind Chi a
and, (3) most LHCs are encoded by a nuclear multigene family, post-translationally imported into the
chloroplast and assembled into functioning pigmentprotein complexes within the thylakoid membrane.
This chapter will address the light-harvesting
antennae and the genes that encode them in diverse
eukaryotic algal divisions with an emphasis on gene
structure, regulation and evolution. Though there is a
considerable literature on the biochemistry of the
Abbreviations: ChI - chlorophyll; ELiP - early light-inducible
protein; FCP - fucoxanthin chlorophyll protein; Hlip - high light
inducible protein; LHC - Light-harvesting complex; PCP peridinin chlorophyll protein; PS I - Photosystem I; PS 11Photosystern II; Scp - small Cab-like protein; Sep - stressenhanced protein; VCP - violaxanthin chlorophyll protein
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algal LHCs, I have only superficially covered these
topics, choosing instead to discuss the recent advances
in gene structure and regulation. This chapter
primarily will concentrate on the antennae complexes
that are homologous to the higher plant LHCs and
possess three membrane spanning regions and largely
ignore the inner ChI a antennae of PS II (CP43,
CP47) and the phycobilisomes of the Rhodophyta
(Chapter 14,Toole and Allnutt). Since our knowledge
ofthe higher plant light-harvesting antennae is much
greater than our understanding of algal systems, I
will initiate this discussion by reviewing the higher
plant antennae to provide a framework on which to
interpret LHC data from the different algal groups.
Though the higher plant LEC nomenclature has
been clarified by the introduction of a clear and
logical system (Jansson et aI., 1992), the algal Lhe
gene names are becoming increasingly confusing. A
nomenclature to remedy this situation has been
proposed recently (Jansson et aI., 1999) and I will
adhere to these guidelines throughout this chapter
(Table 1).

II. Higher Plant Light-Harvesting
Complexes
In higher plants the LHCs are Chi a!b-binding proteins
that can be divided into specific PS I and PS IIassociated complexes: LHCI and LHCII, respectively.
The largest antennae system, LHCII, can be
subdivided into minor and major components, both
feeding excitation energy into the reaction centre
(PS II), and in many cases, facilitating its dissipation
via the xanthophyll cycle (Demmig-Adams and
Adams, 1996). The primary LHCII antennae is a
heterogeneous population of two main ChI a!bbinding proteins of ca. 25 kDa that form heterogeneous trimers in vivo (Kiihlbrandt and Wang, 1991)
and are encoded by the genes Lhebl and Lheb2
(Jansson, 1994). From the pea LECII crystal structure,
the amino acids involved in Chi binding have been
identified and an individual LHCII binds at least 12
Chi molecules and two centrally located carotenoids
(lutein) (Kiihlbrandt et aI., 1994). The most abundant
component (ca. 3-6 fold greater) ofthe bulk LHCII
is encoded by the Lheb 1 gene, which exists as a large
multi-gene family encoding nearly identical
polypeptides in most higher plants (Green et aI.,
1991). A minor LHC often considered to be a
component ofLECII is encoded by the Lheb3 gene,
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which is closely related to Lhebl/2 (Fig. l). It has
been proposed that this protein has a role in connecting
the trimeric LHCII complexes to PS II (Harrison and
Melis, 1992; Jansson, 1994). PS II also has a number
of internal antennae complexes closely associated
with it that are related to LHCII, including chlorophyll
protein (CP) 29 (gene Lheb4), CP26 (gene Lheb5)
and CP24 (gene Lheb6). These complexes are minor

components ofthe PS II antennae that have different
pigment binding capabilities compared to the main
peripheral LHCII complexes (Peter and Thornber,
1991; Bassi et al., 1993). The genes encoding CP29
(Lheb4) and CP24 (Lheb6) are distantly related to
the main LHCII proteins and share a higher degree of
similarity with the LHCI sequences (Fig. 1). An
LHC-related protein, PshS, is also associated with
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Fig. 1. Phylogenetic analysis of the Chi alb-binding protein sequences using parsimony and neighbor joining (NJ)-distance methods (see
Durnford et al. 1999 for a full description). Analyses included both PS I-associated (Lhea) and PS II-associated (Lheb) antennae
complexes. The PS II-associated minor complexes CP29 (Lheb4), CP26 (Lheb5), and CP24 (Lheb6) are indicated. Green algal LIIC
sequences (Lheg) arc indicated with a black background (see Table I for species classification and gene names). The distance tree is
shown with corresponding bootstrap values for both methods shown at nodes of interest. Bootstrap values (percentage out of 1000
replicates) are shown in the order parsimonyINJ-distance. All sequences are available in GenBank or in Durnford et al., (1999).
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PS II (Kim et al., 1992) and is required for nonphotochemical quenching in Arabidopsis (Li et al
2000).
The LHCI complexes are less abundant and smaller
in size (ca. 22-25 kDa) than the LHCII polypeptides.
LHCI can be divided into two functional units based
on their 77K fluorescence emission characteristics:
LIICI-680 and LHCI-730 (reviewed by Jansson
1994). The antennae complexes associated with PS I
are the products of at least four genes in higher
plants: LheaJ, Lhea2, Lhea3 and Lhea4. These genes,
though all encode LHCI polypeptides, are highly
divergent as is evident from the branch lengths on the
phylogenetic tree in Fig. 1.
III. Algal Light-Harvesting Complexes

A. Chlorophyll alb-Binding Proteins: Lhcg
Genes
The ChI alb-binding proteins, in addition to being
found in higher plants, ferns, and mosses are also
present in the Chlorophyta (green algae), the
Euglenophyta, and in the group of curious green
amoebae, the Chlorarachniophyta (Chapter 2, Larkum
and Vesk). The genes encoding the ChI alb proteins
ofthese divisions will be referred to as Lheg genes (g
for green algae, Jansson et al. 1999) and, where
appropriate, an additional letter will be added to
indicate a PS I (Lhega) or PS II (Lhegb) association
(Table 1). It should be noted that for green algal Lhc
nomenclature, this system is not generally accepted
(Teramoto et al 2001) and this will have to be
reassessed when the Lhc gene family is more
completely characterized. There are also ChI albbinding proteins in the prochlorophytes (oxyphotobacteria) but these complexes are not related to the
typical eukaryotic LHC and have evolved independently (La Roche et al., 1996; Chapter 3, Partensky
and Garczarek).

1. Chlorophyta
Although there have been several preliminary
analyses ofthe LHC antennae structure of algae in a
variety of classes within the Chlorophyta, the
Chlorophyceae remains the most widely studied.
The LHCs from several taxa within the Chlorophyceae such as Seenedesmus (Humbeck et al., 1988;
Hermsmeier et al., 1994a) and Dunaliella (Sukenik
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et al., 1988; Sukenik et al., 1990; Webb and Melis,
1995) have been studied but only with Chlamydomonas reinhardtii has extensive characterization
of the pigment-protein complexes been undertaken.
In C. reinhardtii the LHCII antenna is composed of
several ChI-binding proteins similar in size, structure
and Chl-binding capability as those found in higher
plants (Delepelaire and Chua, 1981; Bassi and Wollman, 1991; Bassi et al., 1992). In addition, complexes
homologous to the inner PS II antennae in higher
plants (CP29, CP26 and CP24) have been identified
in C. reinhardtii (Bassi and Wollman, 1991),
suggesting that the overall structure of the PS II
antennae system in the Chlorophyceae is similar to
the antennae structure in higher plants.
Though there has been significant biochemical
characterization of the pigment-protein complexes
in some members of the Chlorophyceae, there is a
limited amount ofinformation on the genes encoding
these proteins. Several LHCII-like sequences (Lhegb)
from green algae have been reported and they are
members of a multi-gene family ranging from an
estimated three to ten members (Imbault et al., 1988;
Long et al., 1989; La Roche et al., 1990; Larouche et
al., 1991;Teramoto et al., 200 I; Elrad et al., 2002). A
few LHCI-like (Lhega) sequences have also been
cloned (Hwang and Herrin, 1993; Meissner et al.,
1999) though only in Chlamydomonas reinhardtii
has the sequence been confirmed to encode a protein
associated with PS I (P22) by protein sequencing
(Hwang and Herrin, 1993). Biochemical characterization ofthe LHCI antennae complexes suggests
that there are at least a further three to seven distinct
Lhega genes (Bassi et al., 1992).
From an analysis of known Lheg genes, (Fig. 1,
black background) it is clear that the green algal
LHCs cluster apart from the main higher plant LHCII
branch, suggesting the diversification of the higher
plant peripheral LHCII complexes into distinct types
(encoded by genes LhebJ-3) occurred following the
divergence of typical green algae and higher plants
(Durnford et al., 1999): note that no charophytel
streptophyte algal taxa (Chapter 2, Larkum and Vesk)
have been analyzed and it will be interesting to see
where they fit in. The lack of Lheb J-3 homologues in
green algae suggests that there may be significant
structural and regulatory implications for controlling
light-harvesting in the bulk of the PS II antennae.
The green algal LHCs cannot be resolved into specific
gene 'types' at this time, as can be done with the
higher plants, because the paucity of data makes
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such interpretations difficult.
Most of the biochemical and sequence data
concerning the LHCs in green algae is derived from
the Chlorophyceae so we have to be cautious in
making generalizations to the whole Division since
there are other taxa with significantly different
pigment compositions. Codium sp. and Bryopsis
maxima (Bryopsidophyceae), for instance, contain
the unusual carotenoids siphonaxanthin and
siphonein, which increases absorbance in the 500550 nm range, and the LHCs bind more ChI b than
the typical higher plant LHC II (Anderson, 1985;
Chu and Anderson, 1985; Nakayama and Mimuro,
1994). These LHCII properties make these deep
water, benthic marine species well adapted to their
blue-green enriched, low-light environments
(Anderson, 1985; Chu and Anderson, 1985).
The green alga Mantoniella squamata (Prasinophyceae) also has a unique LHC antennae that binds
ChI a and b plus a ChI e-Iike pigment (Fawley et al.,
1986). The antennae polypeptides are small (20.522 kDa), which is atypical for chlorophyte LHCs
(Fawley et al., 1986). The presence of a ChI c-like
pigment and the smaller size suggested a closer
relationship to ChI ale-binding antennae; however,
sequencing of four nearly identical Lheg genes
encoding this antennae confirmed its relatedness to
the green algal LHCs (Rhiel and Morschel, 1993).
Though the M. squamata antennae are part of the
LHC family,they are quite divergent,raising questions
about their evolutionary path (Rhiel and Morschel,
1993). The M. squamata LHCs are encoded in the
nucleus by a multi-gene family and the proteins
appear to form trimeric complexes (Rhiel et al.,
1993), as observed in higher plants, though they have
a limited complexity and appear to lack a specific
PS I antennae (Schmitt et al., 1993).

2. Regulation of the Lhcg Genes
The expression of the genes in green algae appears
to be regulated and modulated by a number offactors
including light quality, light intensity, cellular energy
status and the circadian clock. After sorting through
the literature, it became obvious that it is difficult to
make generalizations with regard to the regulation of
the the genes in green algae as different experimental
designs often prevent direct comparisons. Determining the complex web of regulation of the Lhe
genes remains a formidable challenge.

a. Circadian Rhythms
It is important that organisms maintain an ability to

anticipate environmental changes that enable
modifications to cellular metabolism and activity to
optimize responses to the environment over the 24hour photoperiod. Such anticipatory changes include
the diurnal oscillations of mRNA abundance or
circadian rhythm that continues when environmental
cues are removed (Piechulla, 1999). In synchronized
cultures of C. reinhardtii, there is a clear circadian
rhythm in the expression of both Lhegb (encoding
LHCII) and Lhcga (encoding LHCI) genes, where
maximal the mRNA levels are present near the
midpoint of the light-period and taper off before the
dark period begins (Hwang and Herrin, 1994;
JacobshagenandJohnson, 1994; Nikaido ct al., 1994;
Jacobshagen et al., 1996; Savard et al., 1996). Lhe
mRNA abundance appears to be regulated primarily
at the level of transcription in C. reinhardtii under
these conditions (Hwang and Herrin, 1994;
Jacobshagen et al., 1996). In C. eugametos, the
expression of a distant relative of the Lhe genes
(LI8l8) undergoes circadian oscillations but there is
a phase shift compared to theLhc genes with increases
occurring prior to the light period (Gagne and Guertin,
1992). The functional significance of LI818
expression is not known.

b. Responses to Light Quality and Quantity
In green algae, the expression of Lhcg genes can be
controlled by environmental conditions such as light
quality and intensity (Kindle, 1987; Hermsmeier ct
al., 1991; La Roche et al., 1991). Light quality is an
important factor in the gene regulation which
indicates a role for specific photoreceptors in sensing
these changes in the light environment. In both C.
reinhardtii and Seenedesmus obliquus (Chlorophyceae) Lhcgbl mRNA abundance was blue-light
responsive that was, in part, independent of
photosynthesis (Kindle, 1987; Humbecket al., 1988;
Hermsmeier et al., 1991; Melis et al., 1996). This
suggests that blue-light receptors (cryptochromes)
may have a role in regulating Lhc gene expression in
green algae as they do in higher plants (Gao and
Kaufman, 1994). Though other photoreceptors such
as phytochrome and rhodopsin have been cloned
from various green algae (Foster et al., 1984; Kidd
and Lagarias, 1990; Deininger et al., 1995; Lagarias
et al., 1995), so far there is little evidence suggesting
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a major role for these receptors in the regulation of
Lhe genes.
Photoreceptors offer a direct means for sensing
the light environment; however, in green algae there
is evidence for a more indirect mechanism of light
perception. This includes photosynthesis-dependent
expression of the genes in green algae where the
redox state of electron transport components (Fujita
et a!., 1989; Escoubas et a!., 1995; Maxwell et al.,
1995; Wilson and Huner, 2000) and/or the products
of photosynthesis (Melis et al., 1985; Kindle, 1987;
La Roche et al., 1991; Savard et al., 1996; Savitch et
a!., 1996; Wolf et al., 1996) indirectly sense changes
in the light environment and regulate the gene
expression. Thus, in green algae there appears to be
a mechanism for coordinating expression of the Lhe
genes with the redox state of photosynthetic
components or the energy status ofthe chloroplast so
that light-harvesting capacity is balanced with the
cellular energy requirements (Huner et al., 1998).
Once a change in the light environment is perceived,
there must be a signal transduction pathway that
initiates changes in the expression, though little is
known about this process (see Durnford and
Falkowski, I997).A chloroplast-nucleus signal transduction pathway controlling the gene expression
may, under some conditions, involve intermediates
of ChI biosynthesis. Though it is clear that ChI
synthesis is not required for the gene expression
(Johanningmeier and Howell, 1984; La Roche et a!.,
1991; Hermsmeier et al., 1994a; Masada et a!., 2002),
there is evidence that accumulation ofChI precursors
are involved in a type of feed-back regulation in
green algae (Johanningmeier and Howell, 1984) that
can alter the transcription (Jasper et a!., 1991) and/
or mRNA stability (Herrin et al., 1992). ChI
intermediates have also been implicated in the
regulation of heat-shock protein genes in C. reinhardtii (Kropat et a!., 1997,2000). In Arabidopsis,
Mg-protoporphyrin IX is a component of the
chloroplast-to-nucleus signal transduction pathway
during chloroplast development (Strand et aI2003),
which is in agreement with the role ofsuch chlorophyll
precursors in signaling in green algae.
The expression of Lhcg genes is controlled at
multiple levels depending on the experimental
conditions. Transcriptional regulation is an important
aspect in regulation of the light-intensity-dependent
changes in the abundance of Lhcg mRNA in both
Dunaliella (Escoubas et a!., 1995; Masuda et al.,
2003) and Chlamydomonas (Durnford et al., 2003)
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during low-light to high-light shifts. In dark to light
transitions, Lhc mRNA abundance was inversely
correlated with light intensity in Chlamydomonas
(Teramoto et a!., 2002) and this is controlled at the
level of transcription (Jasper et al., I99 I). In
Seenedesmus there is a significant increase in Lhc
transcription following a dark to light shift
(Hermsmcire et al., 1994a), but there is evidence for
translational regulation of Lhc expression in fully
developed, green cells (Hermsmeier et al., I994b).
Post-transcriptionalregulation ofLhc gene expression
has also been observed in both Chlamydomonas
(Durnford et al., 2003) and Dunaliella (Masuda et
al., 2003) where the mRNA stability of specific Lhc
transcripts declined during a HL stress but was the
same under low-light and high-light acclimated
cultures. Though the Lhc transcript abundance can
be regulated by transcription and post-transcriptional
mechanisms, a lack of correlation in mRNA
abundance and proteins levels indicates that there is
likely a translational regulatory step in both
Seenedesmus (Hermsmeier et aI., I994b) and
Chlamydomonas (Durnford et aI., 2003) under
specific circumstances.
Little is known about the promoter sequences
controlling light-mediated expression of Lhe genes
in green algae. Promoter motifs resembling those in
light-regulated promoters of higher plants were
detected in the Lhegbl promoter of D. tertioleeta
(Escoubas et al., 1995) though this was not the case
for a 255 bp fragment of the C. reinhardtii Lhegbl
promoter that was sufficient to confer light and
chloroplast-dependent expression (Hahn and Kuck,
1999). Clearly more research is required to sort out
any cis-acting motifs regulating Lheg genes.
3. Euglenophyta

The photosynthetic members of the Euglenophyta
have an additional membrane surrounding the plastid,
which suggests that this plastid evolved from a unique
secondary endosymbiotie event with a eukaryotic
photoautotroph, likely a green alga (Gibbs, 1978;
Chapter 1, Douglas et al.). Euglena gracilis is the
only member of Euglenophyta where the antennae
have been characterized to any extent. The ChI a/bbinding antennae of E. gracilis range in size from
26--28 kDa (Cunningham and Schiff, 1986a) and
possess the xanthophyll diadinoxanthin, which is
more commonly found in the ChI e-containing algae
rather than in ChI b-containing organisms (Cunning-
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ham and Schiff, 1986b). Sequencing of cDNAs
encoding LHC I and LHC II proteins fromE. gracilis
has confirmed their relatedness to the LHCs ofgreen
algae (Houlne and Schantz, 1988; Muchhal and
Schwartzbach, 1992) in agreement with the proposal
of a green algal origin of the plastid. Phylogenetic
analysis of these LHC sequences has not been able to
resolve the nature of any proposed green algal
endosymbiont though the E. gracilis Lhegb sequences
are within the LHCII branch of the Chi alb-binding
proteins (Fig. 1).
In E. gracilis the Lheg mRNA (for both the LECI
and LHCII transcripts) is very large (ca. 7 kb) and is
translated into a large polyprotein containing multiple
LHC polypeptides. This requires the precursor to be
post-translationally processed into individual
antennae proteins at some point during the importl
assembly process. It was surprising when LHCs In E.
gracilis were immuno-detected in the golgi complex
(Osafune et a1., 1991; Muchhal and Schwartzbach,
1992), indicating that these proteins were targeted to
the plastid via the endomembrane system. This has
been supported by the identification of a signal
sequence at the N-terminus ofthe LHCII polyprotein
(Kishore et al., 1993). Transport from the golgi to the
plastid likely occurs via transport vesicles (Sulli et
a1., 1999).
4. Chlorarachniophyta
The final group of Chi alb-containing organisms is
the Chlorarachniophyta. These protists have two
additional membranes surrounding the plastid with a
vestigial nucleus sandwiched between the two pairs
of membranes (Ludwig and Gibbs, 1987). It has
been proposed that the Chloraraehnion plastid
evolved from a green algal relative (McFadden et a1.,
1994), which would account for the similarities in
pigmentation. Little biochemical data has been
presented on the Chloraraehnion LHC proteins
though several cDNAs have been sequenced,
demonstrating that they are related to the LHCII
proteins of other Chi alb-containing eukaryotes
(Durnford et a1. 1999; Fig. 1). There is moderate
support for the grouping of the Chlorarachnion sp.
621 Lheg sequence with an antennae protein from
the prasinophyte Tetraselmis (Fig. 1) supporting the
hypothesis that the plastid evolved from a green algal
endosymbiont (Deane et a1., 2000). The Chloraraehniophyte the genes are encoded in the nucleus
and are post-translationally imported into the plastid.
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The N-terminus ofthe inferred LHC protein sequence
resembles a bipartite targeting sequence, providing a
clue as to how these proteins are directed to the
plastid (Deane et a1., 2000). The first domain has
characteristics of a signal sequence (for targeting to
the endomembrane system) followed by a plastid
transit peptide-like sequence (for transport across
the inner two plastid membranes) (Bodyl, 1997;
McFadden, 1999). Elucidating the mechanism of
protein targeting and translocation into the plastid
will be an important step in understanding the origin
of secondary plastids.
B. Light-Harvesting Complexes of the
Rhodophyta: Lhcr Genes
The primary light-harvesting antennae system ofthe
Rhodophyta are the phycobilisomes, which are
soluble pigment-protein complexes that deliver
excitation energy into the reaction centers (Chapter
14, Toole and Allnutt). Red algae also possess
membrane integral antennae specifically associated
with PS I that are immunologically related to the
Chi ale and Chi alb-binding proteins (Wolfe et a1.,
1994a). These antennae complexes are in the 19.523.5 kDa size range, smaller than the typical plant
antennae, and bind only ChI a, zeaxanthin and {3carotene (Wolfe et al., 1994a; Wolfe et a1., 1994b).
LHCI antennae are likely present in all red algae as
they have been detected in different classes of the
Rhodophyta (Wolfe et a1., 1994a; Marquardt and
Rhiel, 1997; Tan et a1., 1997b).
The red algal Lhera (aka LheaR-r for red algae)
genes are encoded by a nuclear multi-gene family
and, based on the conservation ofknown Chi-binding
sites, these antennae likely bind at least seven to
eight chlorophylls (Tan et a1., 1997a,b; Grabowski et
al., 2000). Microsequencing of Porphyridium
eruentum LHCI polypeptides indicates there are at
least six distinct antennae but eDNAs encoding only
two of these have been isolated (Tan et a1., 1997b).
The Lhcral and 2 genes are single copy and quite
divergent (ca. 30% identity). In Galdieriasulphuraria
(aka Cyanidium ealdarium) the Lhera genes are also
encoded by a multi-gene family that are ca. 50%
identical to the P. eruentum Lhera sequences, which
includes conservation of amino acids predicted to
participate in Chi binding (Marquardt et a1., 2000).
Amplification of a genomic fragment indicated that
the Lheral gene has five introns. Phylogenetic
analysis of the red algal LHCs indicates that the
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Fig. 2. Phylogenetic analysis of the LHC super-family using parsimony and neighbor joining (NJ)-distance methods (see Dumford et al.
1999, for a full description). Analysis includes a selection ofPS I-associated (Lhea) and PS II-associated (Lheb) antennae proteins from
higher plants, antennae proteins from green algae (Lheg) and a selection of ChI ale-binding proteins from the chromophyte alga (see
Table 1 for species classification and gene names). Sequences with a black background in the ChI ale protein branch are different from
the other proteins in this branch as they lack Chi e. The distance tree is shown with corresponding bootstrap values for both methods
shown at nodes of interest. Bootstrap values (percentage out of 1000 replicates) are shown in the order parsimony/NJ -distance. All
sequences are available in GenBank or in Dumford et al., (1999).
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proteins are more related to the Chi ale-binding
proteins than to the Chi alb-binding proteins of
higher plants (Durnford et al 1999; Fig.2). However,
these proteins are significantly different and always
form the base of the Chi ale branch.
In P eruentum, the amount of Chi per cell is
reduced when grown under high-light conditions
without significant changes in the numbers ofreaction
centers (Cunningham et aI., 1989). However, there
are changes in the ChllP700 ratio which corresponds
to a decrease in three of the six LHCI polypeptides
(Tan et aI., 1995). Obviously, the Lhera genes are
light responsive though the regulation of this gene
family has not yet been examined fully.
.
C. Chlorophyl/a/c-Binding Proteins: Lhcf, Lhcv,
Lhcc, Lhcd Genes
The Chi ale-binding proteins are present the
Heterokontophyta, Haptophyta, Cryptophyta and
Dinophyta (dinoflagel1ates). The most conspicuous
characteristic ofthese proteins is the binding oflarge
amounts of carotenoids, giving these algae their
distinct coloration. These predominant carotenoids
absorb light between 450-550 run, extending the
absorptionrange ofthe antennae (Chapter 15,Mimuro
and Akimoto).

1. Heterokontophyta
The prominent carotenoid in most heterokontophytes
is fucoxanthin though the Xanthophyceae and
Eustigmatophyceae possess vaucherioxanthin and
violaxanthin, respectively, rather than fucoxanthin.
The fucoxanthin-chlorophyll proteins (FCPs-gene
Lhef) primarily are found in the Bacilliarophyceae
(diatoms), Chrysophyceae, Phaeophyceae (brown
algae), and the Raphidophyceae (Hiller et al., 1991).
The light harvesting proteins from these groups are
in the 15-21 kDa size range, smaller than the typical
green algal/higher plant complexes but several studies
have shown that the Chi alb and Chi ale-binding
proteins are structurally related (see Hiller et al.,
1991). Sequencing of the first cDNA encoding an
FCP from the diatom Phaeodaetylum tricornutum
(BacilIiarophyceae) confirmed the similarity and
indicated that all the antennae proteins were
evolutionarily related (Grossman et aI., 1990). The
genes encoding the predominant FCPs are encoded
by a nuclear multi-gene family (Grossman et aI.,
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1990; Apt et al., 1995; Passaquet and Lichtl, 1995;
Durnfordet aI., 1996; Smith et aI., 1997; Eppard and
Rhiel, 1998), which is likely a universal feature of
the Lhcfgenes encoding proteins analogous to LHCII.
In the diatom Cyclotella eryptiea, there is evidence
for a particularly large multi-gene family consisting
of up to 23 unique Lhef genes (Eppard and Rhiel,
2000).
In P. trieornutum, two genomic clones were
characterized and found to contain clusters of two
and four Lhefgenes having a high degree ofsequence
identity (77-99%). These Lhefgenes possessed short
intergenic regions of 500-1100 bp between open
reading frames (Bhaya and Grossman, 1993). This
does not appear to be a common feature of the
diatoms as such Lhcf gene clusters were not evident
in C. eryptiea (Eppard and Rhiel, 2000). So far, Lhcf
genes examined from the diatoms P trieonutum
(Bhaya and Grossman, 1993) and C. eryptiea (Eppard
and Rhiel, 2000) and the chrysophyte Giraudyopsis
stellifer (Passaquet and Lichtle, 1995) lack introns,
unlike many higher plant the genes (Green et aI.,
1991). Introns are present in Laminaria saeeharina
(Phaeophyceae) Lhefgenes (Caron et aI., 1996; De
Martino et al., 2000) and in a Nannochloropsis Lhev
genes so lack of introns in the genes is not a general
characteristic of the heterokontophyta.
In a few studies, immunological evidence indicated
significant structural differences within the family of
FCPs in the heterokontophyte algae, suggestive of a
complex array ofantenna proteins in a single species
(Plumley et aI., 1993; Durnford and Green, 1994).
Such complexity was confirmed when several
divergent members of the Lhef gene family were
sequenced from two diatoms, Skeletonema eostatum
(Smith et aI., 1997) and Cyclotella cryptiea (Eppard
and Rhiel, 1998; Eppard et aI., 2000). In C. eryptiea,
the identification of divergent Lhcf cDNAs was in
agreement with the existence of minor antenna
proteins previously observed in this alga (Rhiel et
aI., 1997). In a phylogenetic analysis of the LHCs
(Fig. 2) many of the C. eryptiea proteins do not
group with the other diatom sequences demonstrating
that there are multiple paralogous genes that have
diverged early in the evolution of the heterokontophytes. Based on the higher plant antenna
structure, these divergent proteins likely represent
pigment-protein complexes analogous to the minor
PS II or PS I antennae (Fig. 1). The structure and
organization of the antennae proteins in non-green
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algae is poorly understood and since cDNA
sequencing has surpassed the biochemical characterization of the complex, it is difficult to assign the
newly sequenced members of Lhef gene family to
meaningful categories. For instance, though putative
PS I associated antennae have been detected in a
xanthophyte (Biichel and Wilhelm, 1993) and a
cryptophyte (Bathke et al., 1999), we currently are
unable to assign a specific gene to this complex as we
can with plant LHCs. On the other hand, de Martino
et al. (2000) concluded that the LHCI and LHCII
FCPs in 1. saeeharina were biochemically identical
and that the same collection ofFCPs serve both PS I
and PS II. Clearly more biochemical characterization
ofFCPs is require before general trends fully emerge.
The antenna proteins ofthe eustigmatophytes lack
ChI e as an accessory pigment molecule and possess
violaxanthin and/or vaucheriaxanthin instead of
fucoxanthin. The violaxanthin chlorophyll proteins
(VCPs) of thc custigmatophytes arc similar in size
and structurally related to the FCPs (Arsalane et al.,
1992; Sukenik et al., 1992). In Nannoehloropsis sp.,
a cDNA and genomic clone have been isolated
(Sukenik et al., 2000). Phylogenetic analysis of the
inferred protein sequence clearly demonstrates that
the VCPs are part of the FCP family of antenna
proteins, despite the differences in pigmentation
(Fig. 2). Nannoehloropsis is unique as there appears
only to be a single copy of the Lhevl gene (Sukenik
et al., 2000), leading the authors to propose that this
organism may have a single, all-purpose the gene.
An interesting feature of all known FCPNCP
precursors is that the N-terminus resembles an ER
signal sequence (Grossman et al., 1990; Apt et al.,
1994; Kroth-Pancic, 1995; Durnford et al., 1996;
Sukenik et al., 2000). Since the heterokontophytes
(and haptophytes) have four membranes surrounding
the plastid with the outer membrane able to bind
ribosomes, the presence of a signal sequence-like
domain suggests that the FCPs are cotranslationally
imported across the firstplastid membrane (Grossman
et al., 1990). Import ofa diatom FCP precursor into
canine microsomes provided in vitro biochemical
evidence for such a transport process (Bhaya and
Grossman, 1991). The FCP presequence is also
bipartite and import into the heterokontophyte plastid
occurs via a two-step process whereby the signal
sequence is removed leaving a typical chloroplast
targeting domain that directs the precursor to the
thylakoid membrane (Lang et al., 1998).
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2. Haptophyta
Like the heterokontophytes, haptophytes possess
plastids with four membranes and contain ChIs a, e
and fucoxanthin but the haptophyte plastid originated
from a unique secondary endosymbiosis (Delwiche,
1999). In terms of molecular characterization of the
photosynthetic apparatus, the haptophytes have
largely been ignored, which is surprising considering
the global distribution ofthis division in the oceans.
From the few haptophytes that have been examined,
there are usually several FCPs distinguishable on
denaturing gels and these are clearly related to LHC
antennae from other algae (Fawley et al., 1987;
Hiller et al., 1988; La Roche et al., 1994). The novel
discovery inEmiliania huxleyi that ChI e2 is esterified
to a common thylakoid membrane lipid (monogalactosylglyceride) (Garrido et al., 2000) suggests that
the haptophyte FCP may have some significant
structural differences from the heterokontophyte
FCPs. The organization of such a chlorophyll in the
FCPs needs to be examined. A single haptophyte
Lhcf gene has been cloned from Isoehrysis galbana
(La Roche et al., 1994), which is considerably
different from the typical Lhef sequence (Fig. 2).
Though this is a single copy gene in I. galbana (La
Roche et al., 1994), there are likely additional Lhef
genes in this organism. Further characterization is
required before the evolutionary relationships
amongst the haptophytc and heterokontophyte
antennae will be clear.
3. Regulation of the Lhcf Genes
With the cloning of several heterokontophyte Lhef
genes, there has been some progress in further
characterizing their light-responsiveness. An Lhef
gene from the chrysophyte Giraudyopsis stellifera
had a diurnal expression pattern when grown under a
light: dark cycle where LhefmRNA levels were high
during the light period but undetectable during the
dark period (Passaquet and Lichtle, 1995). Apt et al
(1995) were able to examine the regulation of five
Lhefgenes from the brown alga Maeroeystis pyrifera
in response to light intensity. The expression ofmost
ofthe M. pyrifera Lhefgenes was inversely related to
the light intensity with a two-fold greater mRNA
abundance under low-light conditions, though the
absolute mRNA level for each gene was different.
Interestingly, one of the Lhef genes (LhejD) was
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insensitive to the light environment except during a
dark period where levels were dramatically reduced
(Apt et aI., 1995), illustrating the complex regulatory
mechanisms controlling expression of the the gene
family.
As in higher plants, the Lhefgenes appear to be
responsive to light quality in addition to light intensity.
Using RT-PCR to quantitate changes in LhefmRNA
levels in Thalassiosira weissflogii (Bacilliarophyceae), a red: far-red light-induced expression
was observed, suggesting that a phytochrome-like
sensing system exists in diatoms (Leblanc et aI.,
1999). Action spectra of Lhefgene induction during
the transfer of dark-acclimated cells into the light
also suggested the involvement of other classic
photoreceptors in the regulation of gene expression,
such as a blue-light receptor (cryptochrome) and
rhodopsin. The light sensing mechanism in the
heterokontophytes may be direct via a photoreceptordependent process and/or an indirect, photosynthesisdependent mechanism that allows the algae to
acclimate to changes in the light environment. The
relative importance of either of these sensing
mechanisms and the components ofthe downstream
signal transduction pathway is unknown and requires
additional attention.
Few promoter regions of Lhef genes have been
characterized so little is known about cis-acting
regulatory sequences, which is mainly due to the
lack of a suitable model system. In P trieonutum the
promoters lacked obvious TATA boxes, showed
limited similarity between different Lhef genes and
typical higher plant regulatory motifs were not
apparent (Bhaya and Grossman, 1993). However, In
both 1. saeeharina (Phaeophyceae) and Nannoehloropsis sp. (Eustimatophyceae) a putative TATA
box was identified in the promoters of the Lheflv
genes (Caron et aI., 1996). Information on the
regulatory elements controlling the expression of
Lhef genes will likely grow now that suitable
transformation systems are being developed
(Dunahay et aI., 1995; Apt et aI., 1996).

4. Cryptophyta
The cryptophytes have two light-harvesting systems:
a thylakoid membrane integral ChI ale-binding
protein (LHC-gene Lhee-e for Cryptophyta) and
a soluble phycobiliprotein antenna (Chapter 14,Toole
and Allnutt). The first antenna system is homologous
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to the LHC system of other algae. These LHCs are in
the 18-24 kDa size range and bind ChI a and e2
(Ingram and Hiller, 1983; Lichtle et aI., 1987; Rhiel
et aI., 1987). the sequences have been reported from
the cryptomonad, Guillardia theta, and these are
clearly part of the ChI ale family (Durnford et aI.,
1999), but they are excluded from the main Lhef
branch (indicated by Bootstrap values 96/82 in Fig. 2).
This main branch contains the primary LHC
sequences from the heterokontophytes and dinoflagellates and is presumed to be functionally
homologous to LHCII (Fig. 2). There is support for
the clustering of the cryptomonad LHC sequences
with the LHCI protein sequences of the red algae
(Deane et al. 2000, Fig. 2). The clustering of cryptophyte and red algal LHC proteins in such analyses is
what would be expected if the cryptophyte plastid
evolved from an endosymbiotic red alga as suggested
by molecular analysis ofnucleomorph sequences in
the cryptophytes (Douglas et aI., 1991; Chapter 1,
Douglas et a1.).
The second light-harvesting system is a unique
soluble phycobiliprotein complex. Unlike the
phycobilisomes of the red algae and cyanobacteria,
the cryptophyte phycobiliproteins are located within
the lumen of the thylakoid membrane and are not
organized into phycobilisomes (Gantt et aI., 1971;
Ludwig and Gibbs, 1989). A phycobiliprotein
(phycoerythrin) complex from the cryptomonad
Rhodomonas has been crystallized and the structure
determined at a 1.63 Aresolution (Wilk et aI., 1999).
Like the chlorarachniophytes, the cryptophytes
have two additional membranes surrounding the
plastid with a vestigial nucleus sandwiched between
the two pairs of membranes (Ludwig and Gibbs,
1987). It was discovered that the cryptophyte LHC
has a bipartite presequence (Deane et aI., 2000) and
likely has a plastid targeting mechanism similar to
that proposed for the chlorarachniophytes (see above).

5. Dinophyta (Dinoflagellates)
The dinoflagellates are a fascinating group of
eukaryotic algae of which an estimated 50% are
photo autotrophic (van den Hoek et aI., 1995). The
dinoflagellate plastid typically has three membranes
and it is presumed to have evolved from a secondary
endosymbiosis (Gibbs, 1981; Chapter 1, Douglas et
al.). The most widespread group of dinoflagellates
possess ChIs a, e 2 and the unique xanthophyll
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peridinin. Though there are dinoflagellates with
different pigment compositions (Delwiche, 1999),
including a group with a fucoxanthin derivative and
a plastid that likely evolved from a haptophyte (Tcngs
et a!., 2000), I will discuss only those containing
peridinin as there is sparse information on the other
groups. There are two primary light-harvesting
systems in the dinoflagellates: an intrinsic peridininChi alc 2-binding protein (LHC-gene Lhcd - d for
dinoflagellate) and a water-soluble pcridinin-Chl a
protein (PCP-gene Pcp), which are unrelated and
have evolved independently (Hiller et a!., 1999).

a. The Intrinsic Peridinin ChI a1c2-Binding
Proteins: Lhcd Genes

These antenna proteins bind Chi a, c2 and peridinin
(7: 4: 11 ratio) and are ca. 19-20 kDa in size (Hiller
et a!., 1993). Immunological and sequence data
demonstrates that the dinoflagellate LHCs are
members of the Lhc gene family (Hiller et a!., 1993;
Hiller et a!., 1995) and phylogenetic analyses show
they are consistently at the base of the main FCPI
VCP branch (Fig. 2-indicated by bootstrap values
96/82) suggesting an early divergence. The mRNA
for the intrinsic LHCs is unusually large (6 kb) and
encodes for a polyprotein with the potential to produce
up to 10 individual LHC polypeptides following
post-translational processing (Hiller et a!., 1995).
Isolation of a Lhcd genomic clone identified several
introns that were positioned between each of the
mature protein coding regions (Hiller et a!., 1999). It
was interesting to find that the N-terminal transit
peptide of the LHC resembles an ER signal sequence,
like that found in the Euglena gracilis LHC sequence
(discussed above), suggesting that this polyprotcin
may also be targeted to the plastid via the
endomembrane system. Elucidating the transport
mechanisms for plastid-targeted proteins in the
dinoflagellates would be an important step in
understanding plastid origins in this group of algae.
b. Soluble Peridinin-Chlorophyll Proteins (pcp
Genes)
Though the thylakoid membrane intrinsic LHC is the
primary antenna (Iglesias-Prieto et a!., 1993), a
soluble peridinin Chi a-protein (PCP) has evolved in
dinoflagellates (Hiller et a!., 1999). The PCPs exist
as either ca. 15~ 16 or 32-35 kDa polypeptide variants
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(Govind ct a!., 1990; Sharples et a!., 1996), depending
on the species, and these complexes may be located
within the thylakoid lumen (Norris and Miller, 1994;
Hofmann et a!., 1996). The larger PCP likely
originated from the fusion oftwo genes encoding the
smaller forms (Norris and Miller, 1994; Le et a!.,
1997). A high resolution structure of the PCP from
Amphidinium carterae has been determined and the
protein is composed of a-helices forming a
hydrophobic core housing two clusters, each of four
peridinins and one Chi a per monomer (Hofmann et
aI., 1996).
The PCPs are encoded in the nucleus by a multigene family (Sharples et a!., 1996; Le et a!., 1997). In
Gonyaulax polyedra it has been estimated that the
gene family encoding the larger PCP variant is very
large (on the order of 5000 copies), perhaps not too
surprising considering the extraordinarily large size
of most dinoflagellate genomes (Le et a!., 1997).
PCR-based analysis using PCP-specific primers has
indicated that the genes lack introns and are arranged
in tandem in both Gonyaulax (Le et a!., 1997) and
Amphidinium (Sharples et a!., 1996). InAmphidinium,
the Pep gene family is highly conserved, though
there are minor components having a greater
divergence and different pigment-binding properties
as you would find in the LHC family of antennae
proteins (Sharples et a!., 1996; Hiller et a!., 1999).
6. Regulation of the Dinoflagellate Lhcd/Pcp
Genes
Dinoflagellates are able to acclimate to changes in
the light environment by changing peridinin and
chlorophyll levels (Jovinc et a!., 1992). In Amphidinium carterae, the abundance ofthe Pep and Lhcd
mRNAs both decreased in response to an elevation
in light intensity, though the magnitude ofthe changes
were substantially different (6- and 80-fold change
for Lhcd and Pep, respectively) (ten Lohuis and
Miller, 1998). Interestingly, under low-light growth
conditions, a larger Lhcd mRNA species appeared
but the significance of this is unknown (ten Lohuis
and Miller, 1998). The increased expression of the
Lhcd and Pep genes under low-light was accompanied
by a reduced level of methylation of CpG and
CpNpGp regions in the vicinity of these genes,
suggesting methylation is a factor controlling gene
expression (ten Lohuis and Miller, 1998).
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IV. Origin and Evolution of the LightHarvesting Antennae
LHC homologues have been found in all photosynthetic eukaryotes, including the Glaucophyta that
have previously been thought to lack such proteins
(Rissler and Durnford, unpublished data). It has
been hypothesized that the LHC genes evolved
following the origin of the plastid via a primary
endosymbiotic event since no LHC homologues have
been detected in cyanobacteria even though several
cyanobacterial genomes have been completely
sequenced. Recently, there has been an indication
that the unusual cyanobacterium, Gloeobacter
violaceus, possesses proteins immunologicallyrelated
to diatom LHC proteins (Mangels et a!., 2002).
Though these LHCs could have been acquired through
lateral gene transfer, it raises the possibility that the
LHCs were present in cyanobacteria prior to the
origin ofthe plastid. This is an intriguing development
and we await completion ofthe Gloeobaeter genome
sequence to determine the evolutionary relationships
to the eukaryotic LHCs. Cyanobacteria do possess
high light-inducible proteins (HLIP) (Dolganov et
a!., 1995) and small Cab-like proteins (SCP) (Funk
and Vermaas, 1999) that are distantly related to the
LHC gene family. These proteins arc small and are
predicted to span a membrane only once, unlike the
LHCs that have three membrane spanning regions.
Recent evidence indicates that the hli genes have a
role in photoproteetion during excess light intensity
(He et a!., 2001). Hlip homologues are also present in
the plastid genomes of red algae (Reith and
Munholland, 1993), glaucocystophytes (Stirewalt et
a!., 1995), and cryptophytes (Douglas and Penny,
1999), but are encoded in the nucleus of higher
plants and post-translationally targeted to the
thylakoid membrane (Jansson et a!., 2000). Though
the expression of the hli genes in Arabidopsis is
stimulated by excess light, its cellular function is
unknown (Jansson et a!., 2000).
The evolution of the LHC family is intricately
linked to stress responses. In addition to the HLIPs
that have a single membrane spanning region
(Dolganov et a!., 1995), there are other proteins
distantly related to the LHCs that are rapidly induced
in response to excess light and other stress conditions.
These include the stress-enhanced proteins (SEP)
with two predicted membrane spanning domains
(Heddad and Adamska, 2000) and the early lightinducible proteins (ELIP) having three predicted
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membrane spanning regions (Grimm et a!., 1989;
Adamska et a!., 1993; Levy et a!., 1993). Based on
sequence similarity, it has been proposed that LHCs
evolved from such stress-related precursors through
a series ofgene duplication and fusion events (Green
and Pichersky, 1994; Dolganov et a!., 1995; Green
and Kiihlbrandt, 1995; Heddad and Adamska, 2000).
PsbS is an LHC-related protein possessing four
membrane spanning regions (Kim et a!., 1992) that is
required for nonphotochemical quenching in
Arabidopsis (Li et a!., 2000).
There is evidence to suggest that the red and green
algae shared common ancestor and the plastid evolved
from an endosymbiotic cyanobacterium (Moreira et
a!., 2000). If this were the case, then the first
photosynthetic eukaryote likely resembled a red alga
in pigmentation and light-harvesting capacity. The
LHCs were either pre-existing (i.e. present in the
cyanobacterium) or first evolved in this eukaryotic
organism, from hli-likc genes, prior to the divergence
ofthe red and green lineages. To account for the lack
ofphycobi lisomes in the green algae there must have
been a loss of phycobilisomes in addition to the
evolution of Chi b synthesis. However, I cannot rule
out the idea that the first photosynthetic eukaryotes
had the ability to synthesize Chi b and that this was
secondarily lost in the red algae (Tomitani et al.,
1999).
Based on the current understanding of the LHC
family the PS II-associated light-harvesting proteins
likely evolved from a Chi a antenna specifically
funneling excitation energy into PS I (Durnford et
a!., 1999), as is currently the situation with the LHCs
in red algae (Wolfe et a!., 1994b). Evolutionary
pressures favoring loss of the phycobilisomes in the
green algal (and heterokontophytelhaptophytel
dinophyte) lineage, perhaps due to a nutrient
deficiency (Bryant, 1992) or excess-light stress, may
have lead to the recruitment of the PS I-specific
antennae to serve as the antennae for PS II.
Phylogenetic analyses of the antennae proteins
demonstrate that some of minor PS II-antennae
(Lheb4-CP29, Lheb6-CP24) components are
clearly more related to LHCI than the primary LHCII
antennae complexes (Fig. 1),providing some evidence
for such a process (Durnford et al., 1999).
Phylogenetic analysis of the super family ofLHC
proteins confirms that the red algal LHCs cluster
with the Chi ale antennae proteins and that they are
separate from the ChI alb branch (Fig. 2). Because
the LHCII and LHCI sequences of the ChI alb-
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binding proteins form a distinct branch on the tree, it
suggests that that the red and green algae diverged
from their common ancestor prior to the functional
specialization of the antennae proteins into distinct
LHCI and LHCII complexes (Durnford et aI., 1999).
The grouping of the red algal sequences with the
Chi ale proteins also provides some evidence for a
red algal origin of the chromophyte plastid via a
secondary endosymbiosis, as has been previously
proposed (Delwiche, 1999). Presumably, following
this secondary endosymbiosis, organisms diverged
and evolved to fill unique niches and the genes
encoding the LHCI Chi a antennae independently
evolved the capacity to bind the variety of different
pigments that are apparent in the different algal
groups. In the Chi ale- containing algal lineages, the
phycobilisomes would have been replaced by the
membrane integral LHCs, except in the cryptophytes
were a modified phycobiliprotein was maintained as
an antenna.
V. Concluding Remarks

There are many unresolved questions regarding lightharvesting complexes in algae and we are only
beginning to determine the organization and
regulation of this complex system. The recent
completion of both the Chlamydomonas reinhardtii
and Thalassiosira pseudonana genome projects (in
addition to numerous EST projects on other algae)
will add to our knowledge ofthe content and structure
ofthe Lhc gene family in these organisms and provide
information to decipher the evolution of this
multigene family. An examination of the antennae
system in the major classes of algae will provide
information on the role of the numerous pigmentprotein complexes in fine-tuning the light-harvesting
capacity ofthe cell and the importance of this process
for acclimating to environmental changes. The LHC
super-family also provides a unique system for
analyzing the evolution of a multi-gene family and
the role of gene duplication in functional specialization. Studying the antennae complexity in the
algae will enable us to determine the evolutionary
pattern of the different antennae proteins and correlate
this with the photosynthetic capabilities of the
organism, from which we will gain an appreciation
of the regulation of photosynthesis.
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Summary

The sequencing of several chloroplast genomes from plants and algae has revealed the presence of more than
a hundred plastid genes, most of which are involved either in photosynthesis or in plastid gene expression and
protein synthesis. In addition, several open reading frames of unknown function, called ycfs, have been
identified that are conserved in most plastid genomes. Until recently it was not clear whether these ycfs encoded
authentic plastid proteins and their function was largely unknown. The availability of a reliable chloroplast
transformation system in the green unicellular alga Chlamydomonas reinhardtii and the efficiency of chloroplast
homologous recombination have opened the door for a systematic analysis of plastid gene function. This
chapter provides a review on recent results obtained through chloroplast reverse genetics that have significantly
enhanced our understanding of the functional role of the chloroplast genome.
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I. Introduction
Plastid genomes from higher plants, algae and protists
consist ofcircular DNA molecules with a size ranging
between 120 and 200 kb. A characteristic feature of
most ofthese genomes is the presence oftwo inverted
repeats containing the ribosomal RNA (rRNA) genes.
The complete sequences of the plastid genomes of
many vascular plants, algae and protists have now
been determined (see Genomes section of NCBI,
http://www.ncbi.nlm.nih.gov). The sequences from
land plants and green algae reveal ca. 120 genes,
most of which are conserved in these organisms and
which fall into several major groups. The first group
consists of ca. 50 genes, involved in plastid gene
expression and protein synthesis, that encode subunits
ofthe chloroplast RNA polymerase, rRNAs, tRNAs,
ribosomal proteins and, in some cases, translation
factors. The second group consists of ca. 40 genes
encoding components of the photosynthetic apparatus, in particular subunits ofthe thylakoid-associated
complexes Photosystem II (PS II), Photo system I
(PS I), the cytochrome bJcomplex andATP synthase,
and the large subunit ofthe stromal enzyme ribulosebisphosphate carboxylase (Rubisco). Other plastid
genes are involved in metabolic pathways such as
aeeD for example, that encodes an acetyl-Co.Acarboxylase subunit. In addition there is a group of
conserved open reading frames, called ycfs (for
hjpothetical unidentified fhloroplast open reading
flame). The function of several of these genes has
been elucidated recently through chloroplast reverse
genetics and several of the yefs can now be assigned
to either the first or second group. Table 1 provides a
list of all the known chloroplast genes of Chlamydomonas reinhardtii. This list is still tentative as the
chloroplast genome of C. reinhardtii has not yet been
fully sequenced: it includes 34 genes required for
plastid gene expression, 33 genes involved in
photosynthesis, one gene encoding a protease, 10
open reading frames (ORFs) of unknown function
that appear to be unique to C. reinhardtii and 7 yeft.
The aim of this chapter is to provide a description of
our current knowledge on the role of these ycfs. It
should be noted that the informational content of the
Abbreviations: CP - complex (photosynthetic); EF - exoplasmic
face of thylakoid membrane produced by freeze-fracturing;
LHC -light harvesting complex; ORF - open reading frame; PS
I - Photosystem I; PS II Photosystem II; TPR - tetratricopeptide repeat; Ycf- hypothetical unidentified chloroplast open
reading frame
0"

plastid genomes of non-green algae is significantly
greater. The red alga Porphyra purpurea contains
twice as many plastid genes as land plants (Reith and
Munholland, 1995). The additional genes, that are
nucleus-encoded in plants, are involved in photosynthesis, plastid biosynthesis and protein transport.
Advances in the elucidation ofthe functions ofthe
ycfs have only been possible through the extensive
use ofbiolistic chloroplast transformation mainly in
Chlamydomonas (Boynton et al., 1988) and tobacco
(Svab et al., 1990). It is therefore appropriate to start,
this chapter with a brief overview of the major
features of this system in algae.
II. Algal Chloroplast Transformation
The pioneering studies ofBoynton et al. (1988) have
shown that it is possible to stably transform the
chloroplast ofChlamydomonas by bombarding cells
with DNA-coated tungsten particles. A key feature
ofthis system is that the transforming DNA integrates
into the chloroplast genome by homologous
recombination. It is thus possible to disrupt or alter
specifically any chloroplast gene. One possibility is
to use a wild-type chloroplast gene as selectable
marker for transforming a mutant strain deficient in
that particular gene. Alternatively, chloroplast genes
from herbicide- and antibiotic-resistant mutants can
be used for transforming a wild-type strain. However
the most versatile chloroplast selectable marker is
the bacterial gene aadA (aminoglycoside adenyl
transferase) that can be expressed in the chloroplast
genome to confer resistance to spectinomycin and
streptomycin (Goldschmidt-Clermont, 1991). This
aadA marker has been used extensively for chloroplast
gene disruptions and for site-directed mutagenesis.
A second dominant selectable chloroplast transformation marker has been developed based on the
bacterial aphA -6 gene that encodes an aminoglycoside
phosphotransferase (Bateman and Purton, 2000).
This marker allows direct selection for transformants
on kanamycin or amikacin plates.
An important property of plastid genomes is that
they are present in multiple copies. The single
chloroplast of Chlamydomonas contains ca. 100
copies whereas a tobacco mesophyll cell harbors
close to 100 chloroplasts, each containing 100
chloroplast DNA circles. Hence, homoplasmicity of
an introduced chloroplast mutation has to be obtained
before its phenotype can be studied. In the case of
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Table 1. Chloroplast genes of Chlamydomonas reinhardtii

Genes involved in protein synthesis
rRNAs: 238 rRNA, 168 rRNA, 58 rRNA
tRNAs: trnA, trnC, trnE, trnEl, trnI, trnL, trnM, trnR, trnS, trnT, trnW
r-proteins: rpl2, rpl5, rp1l4, rp1l6, rp120,
rps2 (ORF570), rps3, rps4, rps5, rps7, rps8, rps9, rps12, rpsl S, rps19
RNA polymerase subunits: rpo A, rpoBI, rpoB2, rpoC2
tufA*
Genes involved in photosynthesis
Photosystem II
DsbA, psbB, psbC, psbE, psbF, psbll, psbl, psbJ, psbK, psbl., psbM, psbN, psbT (yej8)
Photo system I
psaA, psaB, psaC, psaJ
Cytochrome bJ complex
petA, petB, petD, petG, petL (yej7), petN (yef6) I
ATP synthase
atpA, atpB, atpE, atpF, atpH, atpI
Ribulose-bisphosphate carboxylase
rbeL
Light-independent chlorophyll synthesis
ehlB, ehlL, chiN
Others
ClpP
ORF50, ORF55, ORF56, ORF58, ORF66, ORF59, ORFlI2, ORF140, ORF27 I, ORF297I
yefl (ORFI995), yej3, yef4, yef5, yefY, yeflO, yef12
Genes containing introns are underlined; • gene located in the nucleus in plants, + gene that has
not yet been identified in C. reinhardtii. A detailed map of the chloroplast genome of C.
reinhardtii is available at http://botany.duke.edu/chlamy/chloro

genes involved in photosynthesis, this can be achieved
readily in C. reinhardtii because photosynthetic
function is dispensable when this alga is grown on
acetate-containing medium. Homoplasmicity is
obtained by subcloning the transformants several
times on selective spectinomycin-containing medium,
In other cases of chloroplast gene disruptions,
however, it has not been possible to achieve a
homoplasmic state with the aadA gene expression
cassette, This is because the gene studied has an
essential function or is required for aadA expression
in the chloroplast. Under these conditions, after
transformation, the chloroplast contains a mixture of
chloroplast genomes with disrupted and intact gene
copies that confer spectinomycin resistance and that
allow for the expression of the essential function,
respectively.
While it is relatively straightforward to perform
chloroplast transformation with Chlamydomonas and

to generate homoplasmic disruptions ofnon-essential
genes, the elucidation of the role of these genes can
be very challenging. This is because, in most
instances, the mutant phenotype manifests itself as a
general pigment deficiency and/or diminished
photosynthetic performance, In other cases the
phenotype is only apparent under particular stress
conditions. The difficulty is even greater with
chloroplast genes with essential function because
the heteroplasmic state ofwild-type and mutant gene
copies may not yield any detectable phenotype.

III. Reverse Chloroplast Genetics of
Photosynthesis
The biochemical analysis of the major thylakoid
protein-pigment complexes has revealed that they
contain a surprisingly large number of subunits.
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Besides the principal subunits ofPS II, PS I and the
cytochrome b.f complex that are involved in the
basic redox (photo )chemistry of these complexes
and that have been intensively studied in recent years
(see Hippler et a!., 1998), a large set of smaller
subunits has been identified. Reverse chloroplast
genetics has provided new insights into their function.

PS I complexes lacking PsaF, although the PsaJlacking complexes contain normal levels of PsaF.
One possibility is that PsaJ is required for maintaining
PsaF in a proper orientation so that fast electron
transfer can occur from plastocyanin or cytochrome c6
to PS I. The psaI gene has not yet been localized on
the chloroplast genome of C. reinhardtii.

A. Small Subunits from Photosystem /I and
Photosystem I

B. Light-Independent Chlorophyll Synthesis

Amongst the smaller subunits of PS II, inactivation
of psbF of C. reinhardtii, which encodes cytochrome b 556 completely inactivates PS 11 (T. S. Mor
and I. Ohad, unpublished). In contrast, disruption of
the psbI gene, which encodes a subunit of the PS II
reaction center, still allows for photoautotrophic
growth in low light but not in high light. Loss ofPsbl
leads to a reduced accumulation ofPS II, 10-20% of
the wild-type levels (Kunstner et a!., 1995). Inactivation of the psbH (Summer et a!., 1997) and pshK
genes of C. reinhardtii (Takahashi et a!., 1994)
strongly diminishes the accumulation of PS II and
prevents photoautotrophic growth. Surprisingly, in
cyanobacteria, disruption ofpsbKhas only a modest
effect and does not abolish photoautotrophic growth
(Ikeuchi et a!., 1991). These findings raise the
possibility that PsbK is not directly required for the
photochemical activity ofPS II, but may be important
for the structural integrity of PS II, at least in
C. reinhardtii. Nuclear extragenic suppressors ofthe
psbK disruptions have recently been isolated that
restore photoautotrophic growth, but that lead only
to a modest increase in PS 11 accumulation (J. van
Dillewijn, Y. Takahashi and J. D. Rochaix, unpublished).
Only three small molecular weight subunits of
PS I are encoded by the chloroplast genome. PsaC,
which binds the two terminal electron acceptors of
PS I, has been studied intensively. This analysis has
been reviewed recently (Hippler et a!., 1998) and will
not be presented here. Less is known on the role of
the other two subunits Psal and PsaJ. Inactivation of
psaJ does not prevent photoautotrophic growth and
PS I accumulates normally (Fischer et a!., 1999).
However flash-absorption spectroscopy performed
with isolated PS I particles from the psaJ-deficient
strain indicates that only 30% of the PS I complexes
oxidize plastocyanin or cytochrome c6 with the same
kinetics as the wild type. The remaining 70% display
a slower kinetics that is similar to that observed with

A distinctive feature of C. reinhardtii, lower plants
and photosynthetic bacteria is their ability to
synthesize chlorophyll not only in the light as higher
plants, but to also produce this pigment using a lightindependent pathway. While the light-dependent
enzyme, protochlorophyllide oxido-reductase has
been studied in great detail, much less is known of
the light-independent enzyme. Chloroplast reverse
genetics has identified three chloroplast genes, chlB,
chlL and chIN, that are scattered on the chloroplast
genome and are required for light-independent
chlorophyll synthesis (Choquet et a!., 1992; Suzuki
and Bauer, 1992; Li et a!., 1993). Disruption of any
of these three genes prevents chlorophyll synthesis
in the dark. These genes appear to encode subunits of
a novel enzyme that catalyzes light-independent
protochlorophyllide reduction. These subunits share
significant sequence identity with the bch)(, bch Y
and bchZ gene products that are the subunits of the
chlorophyllide reductase ofRhodobacter capsulatus.
This enzyme is required for reduction of the chlorin
ring B ofbacteriochlorophyll. There is also sequence
similarity between the chloroplast chl genes and
those ofthe subunits of nitrogenase that catalyze the
reduction of N 2 to ammonia. In addition, at least
seven nuclear yellow loci have been identified
genetically that are involved in light-independent
chlorophyll synthesis. Recently it was shown that
several ofthese nuclear yellow genes are required for
synthesis or accumulation of the ChlL protein
(Cahoon and Timko, 2000). These factors add to the
growing list of nucleus-encoded factors that are
specific for individual chloroplast genes and that act
at post-transcriptional steps, including RNA
processing, RNA stability, translation and the
assembly of multi molecular complexes.

C. Chlororespiration and Cyclic Electron
Transfer
Based on a careful analysis ofthe state ofthe thylakoid
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membranes in darkness in C reinhardtii, Bennoun
postulated in 1982 the existence ofa chlororespiratory
chain sharing the plastoquinone pool with the
photosynthetic electron transport chain (Bennoun,
1982). He provided evidence for an electron pathway
connecting stromal reductants to plastoquinone. It
now appears that the oxidation of the plastoquinone
pool in the dark is probably due to mitochondrial
respiration (Bennoun, 1994).The molecular evidence
for the existence of a chloroplast NAD(P)H
dehydrogenase that could potentially transfer
electrons to the plastoquinone pool came from the
analysis of the chloroplast genome of higher plants.
Eleven ndh genes encoding homo logs of mitochondrial complex I subunits are present in these
genomes. It is rather surprising that none of these
genes could be identified in the chloroplast genome
ofC reinhardtii where this chlororespiratory pathway
was first identified. The Ndh subunits are part of a
large 550 kDa protein complex located in the stromal
thylakoid lamellae (Sazanov et aI., 1998). Targeted
inactivations of the plastid ndh genes ndhB, ndhC,
ndhJ and ndhK in tobacco have indeed confirmed
that the enzyme is required for the reduction of the
plastoquinone pool in the dark and that it is not
required for plant growth under optimal conditions
(Burrows et aI., 1998; Kofer et aI., 1998; Shikanai et
aI., 1998; Horvath et aI., 2000). In addition this
complex also appears to playa role in cyclic electron
transfer around PS I in the light. Furthermore, under
water stress conditions that lead to CO 2 limitation,
these ndh mutant plants have a reduced ability to
quench fluorescence non-photochemically and their
growth is retarded significantly (Burrows et aI., 1998;
Horvath et aI., 2000). Taken together these results
strongly suggest that the Ndh complex may play an
important role in linking and adjusting photosynthetic
activity to cellular metabolism and, in particular, that
this complex acts as a valve to remove excess reducing
power in the chloroplast. The molecular identification
of the homologous complex in Chlamydomonas
remains a challenging task.
IV. Several yefs Encode Novel Proteins
Involved in Photosynthesis

The conservation ofseveral unidentified open reading
frames in the chloroplast genomes of higher and
lower plants, algae and in some cases in the genomes
of cyanobacteria indicates that they encode proteins
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with an important role. The function of these ycf
genes has been elucidated to a large extent through
chloroplast reverse genetics. In particular, this
approach has led to the finding ofnovel subunits that
had escaped biochemical detection.

A. ycf3 and ycf4
In C reinhardtii, the ycj3 and ycf4 genes are
cotranscribed and are part of the rps9-ycf4-ycj3rps 18 polycistronic transcription unit. YcD and Ycf4
appear to be translated from the same dicistronic
transcript based on the fact that no monocistronic
ycj3 or ycf4 transcript is detectable. Homoplasmic
transformants with disrupted ycj3 or ycf4 genes are
unable to grow photoautotrophically and are
specifically deficient in PS I activity (Boudreau et
aI., 1997). Both YcD and Ycf4 proteins are localized
on the thylakoid membranes, but are not stably
associated with the PS I complex. Both proteins
accumulate to wild-type levels in PS I-deficient
mutants. The ycj3 gene from tobacco has also been
disrupted and the mutant displays a similar phenotype
(Ruf et aI., 1997). The sequence of the YcD protein
is conserved from photosynthetic bacteria to higher
plants and contains three tetratrico-peptide (TPR)
domains. TPR domains have been found in a wide
range of proteins with different biological functions
and are believed to play an important role in proteinprotein interactions (Goebl and Yanagida, 1991).
Double mutations in the TPR domains ofYcD renders
the eells light-sensitive and PS I accumulates to only
20 to 50% of wild-type levels, thus indicating that
these TPR domains are important for the function of
YcD (H. Naver, E. Boudreau, 1. D. Rochaix, unpublished). Random mutagenesis of ycj3 has produced
temperature-sensitive mutants that accumulate PS I
when grown at 25°C, but not at 33 "C. These mutants
were used in temperature shift experiments. Upon a
shift from the permissive temperature to 34°C in the
presence of chloramphenicol to inhibit chloroplast
protein synthesis, the PS I complex synthesized at
the permissive temperature has the same stability in
the wild type and the mutant during prolonged
exposure to the restrictive temperature. Thus, the
YcD protein functions in the assembly process ofthe
PS I complex and is not required for its stability.
Whereas disruption of ycf4 leads to a complete
loss ofPS I in C reinhardtii (Boudreau et aI., 1997),
the same inactivation in cyanobacteria has a
significantly milder phenotype with only a modest
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reduction of PS I (Wilde et a!., 1995). The Ycf4
protein of C. reinhardtii is associated with a large
molecular weight complex that can be separated
from the PS I complex by sucrose density gradient
centrifugation. Newly synthesized PS I proteins
appear to be associated with this complex before
they are incorporated into PS I (Y. Takahashi and 1.
D. Rochaix, unpublished). Taken together these
observations suggest that Ycf3 and Ycf4 play an
important role during assembly ofPS I in the thylakoid
membrane.
B. yet5 (ccsA)
The ycf5 gene of C. reinhardtii shows limited
sequence identity to the bacterial eyeKleell genes
that are involved in the biogenesis of c-type
cytochromes (Xie and Merchant, 1996). Targeted
inactivation of this gene results in the loss of
photo autotrophic growth and has been correlated
with the absence of the two c-type chloroplast
cytochromes of C. reinhardtii, cytochrome f from
the cytochrome b.f complex and the soluble
cytochrome e6 that replaces plastocyanin functionally
in copper-deficient cells. The B6F mutant of
C. reinhardtii containing a frameshift mutation within
yef5 is unable to attach heme to the two chloroplast ctype cytochromes. Transformation of this mutant
strain with the wild-type yef5 gene restores
photo autotrophic growth and the accumulation of
cytochrome e6 (Xie and Merchant, 1996) thus
demonstrating that yej5, now called eesA (for c-tvpe
iZytochrome e ,£ynthesis) is required for the attachment
of heme to c-type cytochromes. In addition to this
plastid locus, at least four nuclear loci are involved in
the conversion of apocytochromes e6 and f to their
respective holoforms (Xie et a!., 1998).These nuclear
genes do not appear to be required for the expression
of eesA, but may form together with the eesA product
a multisubunit complex for holocytochrome e
assembly.
C. ycf6 (petN) and yet? (petL)

Until recently it was thought that the cytochrome b6f
complex consists of five large subunits encoded by
the chloroplast genes petA, petB and petD encoding
cytochrome f, cytochrome b, and subunit IV,
respectively and by the nucleus-encoded Rieske ironsulfur protein and subunit V (Hauska et a!., 1983;
Hope, 1993). In addition, two small molecular weight

subunits Pet G (Haley and Bogorad, 1989) and Pet M
(de Vitry et a!., 1996) were identified through the
biochemical analysis ofthe cytochrome b6fcomplex.
Recently chloroplast reverse genetics has identified
two novel subunits of this complex encoded by the
yef6 (Hager et a!., 1999) and yep (Takahashi et a!.,
1996) genes. Yef6 represents the smallest conserved
open reading frame in the plastid genome and encodes
a putative hydrophobic protein of 29 amino acids.
Because this gene has not yet been localized on the
chloroplast genome of C. reinhardtii, it has only
been disrupted in tobacco (Hager et a!., 1999). The
loss of the yef6 product leads to the specific absence
of the cytochrome bd complex. Thus, this protein
appears to be a genuine subunit of this complex and
to be important for its stable accumulation. Of
particular interest is the fact that whereas yef6 is
unlinked to other genes involved in photosynthesis
in higher plant chloroplast genomes, it is adjacent to
(and possibly cotranscribed with) petM in the plastid
genomes ofthe rhodophyte alga, Porphyra purpurea
(Reith and Munholland, 1995) and the cryptophyte
alga, Guillardia theta (Douglas and Penny, 1999).
This linkage of yef6 and petM is compatible with
their association to the same photosynthetic complex.
The yep gene of C. reinhardtii encodes a
hydrophobic protein of43 amino acids with a potential
transmembrane region and it is cotranscribed with
the psaC gene and another open reading frame,
ORF58, that appears to be unique to this alga. Targeted
inactivation of yep results in impaired photoautotrophic growth (Takahashi et a!., 1996). The
cytochrome bd complex is reduced to 25-50% of
wild-type levels, and the rate of transmembrane
electron transfer per b.f complex measured in vivo
under saturating light is three- to four- fold slower
than in the wild type. The Ycf7 protein appears to be
an authentic subunit of the cytochrome bdcomplex
based on the observations that it copurifies with this
complex, that it is missing in mutants lacking the
complex and that it is required for its stability,
accumulation and optimal efficiency. In addition,
Ycf7 appears to be involved in the dimerization of
the cytochrome b6f complex (Breyton et a!., 1997).
D. yet8
The yej8 open reading frame is located downstream
of psbB and cotranscribed with this gene in
C. reinhardtii (Monod et a!., 1992).The arrangement
ofthe psbB,yef8,psbN andpsbH genes is conserved
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in C. reinhardtii and higher plants. This region ofthe
chloroplast genome is one of the few in which the
relative gene order has been maintained in these
organisms. The yef8 gene encodes an evolutionarily
conserved hydrophobic polypeptide with a size
ranging between 31 and 38 amino acids. Disruption
of this gene does not block photoautotrophic growth
(Monod ct aI., 1994). However PS II function and
cell growth are impaired under certain stress
conditions such as growth under high light intensity
or when chloroplast protein synthesis is impaired.
The Ycf8 protein is associated with PS II based on its
copurification with PS II and its considerably reduced
accumulation in various PS II-deficient mutants. It
thus is a PS II subunit and is required for maintaining
optimal PS II activity under adverse growth
conditions.

E. ycf9
Homoplasmic mutants of tobacco with inactivated
yef9 genes were first analyzed by Ruf et al. (2000).
While these mutants were undistinguishable from
the wild type under normal growth conditions with
high light, their growth rate was significantly reduced
under low light conditions. This phenotype could be
correlated with a reduced accumulation of CP26,
which together with the other minor complexes CP24
and CP29 and the trimeric major light-harvesting
system, fOnTIS the chlorophyll alb-containing antenna
ofPS II. The Ycf9 protein was found to be associated
with the PS II light-harvesting complex (LHC). It
consists of only 62 amino acids and lacks pigment
binding domains. It is thus clearly distinct from the
LHC polypeptides with their characteristic 3 a-helical
domains and their stroma-exposed N-terminal
domain. Ruf et al. (2000) found that the transfer of
excitation energy from the major PS II LHC to the
PS II reaction center is less efficient in the absence of
Ycf9. A similar study was performed recently with
C. reinhardtii and tobacco (Swiatek et aI., 200 I). In
contrast to the earlier study with tobacco, the Ycf9
protein was not associated with LHC, but instead
cofractionated with PS II. In addition, theYcf9 protein
was absent in mutants lacking PS II, thus indicating
that Ycf9 is an authentic PS II subunit. The C.
reinhardtii mutants lacking yef9 were deficient in
CP26 and CP29. Cryo-electron microscopy revealed
that EF particles (exoplasmic face of thylakoid
membrane produced by the freeze-fracture technique,
facing the stromal compartment) representing PS II-
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antennae complexes are significantly smaller in the
yef9 mutant than in the wild type. Taken together
these studies indicate that the Ycf9 protein is a PS II
subunit (recently named PsbZ) that is important for
the proper connection of the LHCII antenna to the
PS II reaction center.
F. ycf10 and ycf12

The yeflO product has been localized to the
chloroplast envelope in higher plants. Cyanobacterial
mutants deficient in the homologous gene appear to
have a defect in CO 2 uptake (Katoh et aI., 1996a).
The primary lesion of these mutants has been traced
to their inability to extrude protons (Katoh et aI.,
1996b). Mutants of C. reinhardtii in which ycfl 0 has
been disrupted are sensitive to high light although
they are still able to grow photoautotrophically under
low light (Rolland et al., 1997). The increased light
sensitivity of the transformants appears to result
from a limitation in photochemical energy utilization
or dissipation that correlates with a greatly diminished
photosynthetic response to exogenous inorganic
carbon, in particular under conditions where the
chloroplast inorganic carbon transport system is not
induced. In these mutants the CO2 and HC0 3 uptake
systems have a reduced affinity for their substrates.
Taken together these observations suggest the
existence of a yeflO-dependent system within the
plastid envelope that promotes efficient inorganic
carbon uptake into the chloroplast. It is interesting to
note that attempts to produce homoplasmic yeflO
mutants in tobacco have failed (N. Rolland, J.-D.
Rochaix and P. Maliga, unpublished) suggesting that
this protein may be essential in higher plants.
The ycfl2 gene has been inactivated in C.
reinhardtii. However no phenotype was detected in
the homoplasmic mutants under various growth
conditions (E. Boudreau and J.D. Rochaix, unpublished).

v. Chloroplast Reverse Genetics of

Essential Genes of Chlamydomonas

Although several mutants of C. reinhardtii are
partially deficient in plastid protein synthesis, none
has been found to be completely deficient in this
process (Gillham, 1994). As an example, amongst
the many deletions of the chloroplast rRNA genes
examined, at least one ribosomal unit remains intact.
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Also, chloroplast tRNA suppressor mutations have
been identified that can only be maintained in a
heteroplasmic state together with the wild-type
version of the tRNA gene (Yu and Spreitzer, 1992;
Zhang and Spreitzer, 1990). This strongly suggests
that chloroplast protein synthesis is essential for
survival ofthe algal cells. Attempts to disrupt plastid
genes involved in organellar protein synthesis have
led invariably to a heteroplasmic state in which both
wild-type and mutant copies containing the aadA
expression cassette coexist as long as the cells are
grown on spectinomycin-containing medium. Under
these conditions the wild-type copies are required
for plastid protein synthesis and aadA for drug
resistance. Since aadA expression is dependent on
chloroplast protein synthesis, it is necessary to
eventually relieve the selective pressure. If the
disrupted gene is essential, this always leads to the
loss of the mutant copies and to the recovery of a
homoplasmic wild-type state.

A. RNA polymerase genes
Most of the chloroplast transcripts are generated by
an RNA polymerase that resembles the E. coli enzyme
and is composed of (xz' /3, /3' and /3" subunits. The
chloroplast /3' and /3" subunits correspond to the Nand C-terminal domains of the bacterial /3' subunit,
respectively (Gruis scm and Tonkyn, 1993). In C.
reinhardtii, the 5' portion of rpoB gene, called rpoBl
is separated from the 3' part, called rpoB2 (Fong and
Surzycki, 1992). Attempts to disrupt rpoBl, rpoB2
and rpoC2 resulted in all cases in a heteroplasmic
state and upon release of the selective pressure no
homoplasmic mutant state was recovered, strongly
suggesting that these genes are essential for cell
growth (Goldschmidt-Clermont, 1991; Rochaix,
1995). These genes appear to be expressed at very
low levels as their transcripts are undetectable by
standard RNA blot hybridization (Fong and Surzycki,
1992). The rpoC2 gene is unusually long with a
single open reading frame oB I 19residues (S. Nuotio
and S. Purton, unpublished). Comparison of this
sequence with its homologue from higher plants
reveals the presence of additional sequences in the
algal gene that are juxtaposed in frame with the
conserved coding sequences. Sequences of this sort
have also been detected in other chloroplast genes of
C. reinhardtii such as clpP (catalytic subunit of the
ATP-dependent Clp protease) (Huang et al., 1994),
rps3 (Fong and Surzycki, 1992) and ycflO (Rolland

et al., 1997). Whether these additional sequences are
spliced out at the protein level remains to be
determined.
In striking contrast, the rpoA, rpoB and rpoCl
genes of tobacco can be fully disrupted (Allison et
al., 1996; De Santis-Maclossek et al., 1999). In the
absence of rpoB the tobacco plants develop at a
reduced rate. They are deficient in pigments and
photosynthetic activity, and have to be grown on
sucrose-containing medium. Their plastids are smaller
than in the wild type and they lack the extended
thylakoid membrane system and thus resemble
proplastids. The levels oftranscripts ofplastid genes
encoding components ofthe photosynthetic apparatus
are strongly diminished in these mutants while
transcripts from genes of the protein synthesizing
system accumulate nearly to wild-type levels, lending
support for the existence ofa nucleus-encoded plastid
RNA polymerase in higher plants. However,
hybridization ofrun-on transcripts to the entire set of
chloroplast DNA fragments has revealed,surprisingly,
that all parts ofthe chloroplast genome are transcribed
in these rpo-deficient mutants (Krause et al., 2000).
There is thus a clear difference between the
transcriptional activity and the steady state levels of
transcripts, indicating that much of the regulation of
chloroplast gene expression driven by the nucleusencoded RNA polymerase in the rpo-deficient
mutants is not only based on differential promoter
usage, but is also exerted to a large extent at posttranscriptional levels.
It is not yet clear whether a nucleus-encoded
RNA polymerase is also present in Chlamydomonas.
In contrast to higher plants, a proplastid stage is
never observed in this alga. Although the yellow
mutants grown in the dark lack a developed thylakoid
system because of the absence of chlorophyll, their
chloroplasts are otherwise fully developed and
resemble etioplasts from higher plants. Ifthe existence
of the nucleus-encoded RNA polymerase in higher
plants is linked to the differentiation ofprop lastids to
chloroplasts, a nucleus-encoded enzyme may
therefore not be required in Chlamydomonas.

B. c1pP gene
If chloroplast protein synthesis is required for cell
growth and survival, one is led to ask which of the
chloroplast genes are essential besides those encoding
components of the chloroplast gene expression
system. Amongst the numerous chloroplast gene
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disruptions of genes not involved in plastid gene
expression in C. reinhardtii, only a few have led to a
heteroplasmic state and thus define essential genes.
One of these genes is clpP, which codes for the
chloroplast homologue of the ATP-dependent Clp
protease of E. coli (Huang ct al., 1994). It has been
possible to reduce its expression by changing its
initiation codon to AUU while still retaining sufficient
protein for cell viability (Majcran ct al., 2000). This
mutation reduces ClpP accumulation to 25--45% of
that of wild type and does not affect the growth rate
under normal conditions. However, the ability of
cells to adapt to high CO 2 levels is restricted. In
addition, under conditions that normally lead to the
degradation of the cytochrome bdcomplex, such as
nitrogen starvation or in mutants deficient in the
Rieske iron-sulfur protein, the proteolytic removal
of this complex is retarded. Thus, surprisingly, a
soluble chloroplast protease is involved in the
degradation ofa thylakoid membrane complex under
defined physiological conditions. The strategy used
in this study, based on earlier studies of translational
attenuation (Chen et al., 1993), appears to be
promising for functional studies of other essential
chloroplast genes.

C.ORF1995
Another essential gene is a large chloroplast open
reading frame of 5988 bp encoding a putative protein
of 1995 amino acids located 675 bp upstream ofatpB
in C. reinhardtii. This gene is transcribed into a
7.4 kb transcript. While the N-terminal domain of
350 amino acids is hydrophobic and contains five
putative transmembrane helices, the remaining part
is hydrophilic and is highly positively charged. The
tobacco yefl product also has a similar structure
although the ORF1995 shares only limited sequence
identity with this protein (20%). Epitope tagging
revealed a large protein associated with membranes
(E. Boudreau and 1. D. Rochaix, unpublished).
Repeated attempts to disrupt ORF1995 to homoplasmicity were unsuccessful indicating that the
function of this gene is essential for cell growth.
Because of its basic nature and ability to bind nucleic
acids in vitro, it is possible that the ORF 1995 product
is involved in binding chloroplast DNA to the
chloroplast envelope or thylakoid membrane, a
process that might be required for DNA replication,
segregation and transcription (Possingham and
Lawrence, 1983; Wolfe et al., 1992).
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D. ycf1 and ycf2
Recently attempts to disrupt the yefl and yej2 genes
oftobacco that encode potential proteins of 1901 and
2280 amino acids, respectively, have also led to a
heteroplasmic state (Drescher et al., 2000). Upon
removal of the selective pressure, sorting out of the
wild-type plastid genome occurred in all cases
strongly suggesting that these two ORFs are essential
chloroplast genes.

E. Organism-Specific Essential Plastid Genes
We are thus left with a very limited number of
essential chloroplast genes that are not directly
involved in chloroplast gene expression. In addition,
these essential genes are not universally present in all
plastid genomes. The clpP gene is not found in the
plastid genomes of Euglena gracilis (Hallick et al.,
1993) and Odontella sinensis (Kowallik et al., 1995).
The yefl and yej2 genes are absent from the
chloroplast genomes ofthe monocotyledonous plants
maize (Maier et al., 1995) and rice (Hiratsuka et al.,
1989). Whether these genes have been moved to the
nuclear compartment in these plants remains to be
determined. It is likely that yefl and ye.f2 are not
directly involved in photosynthesis since photosynthetic function is dispensable for Chlamydomonas
cells grown on acetate medium and for plant cells
grown under heterotrophic conditions (Kanevski and
Maliga, 1994; Ruf et al., 1997). In addition, these
genes are present in the plastid genome of the
holoparasitic non-photosynthetic flowering plant
Epifagus virginiana that has lost all plastid genes
involved in photosynthesis (Wolfe et al., 1992). If
there is no universally conserved essential plastid
gene that is not involved in plastid protein synthesis,
one has to consider the possibility that there are
organism-specific essential genes. There are at least
ten ORFs that appear to be unique to the chloroplast
genome of C. reinhardtii (Table 1). Inactivation of
one of these, ORF58, does not produce any detectable
phenotype (Takahashi et al., 1996). However the role
ofthe other ORFs remains to be determined. Perhaps
some of these genes play some important role in the
integration of the plastid in the cell. Another
possibility is that plastid protein synthesis is essential
not because it produces specific cssentia1 products,
but because it is part of a higher level checkpoint
control that integrates chloroplast biogenesis within
the cell cycle (Mets and Rochaix, 1998).
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Table 2. Function of chloroplast ycfs

Function of gene product
yefl (ORF 1995) essential, function unknown

essential, function unknown
yej3

assembly ofPS I

yef4

assembly of PS I

yef5

heme attachment to c-typc cytochromes
PetN, subunit of cytochrome b6f required for stable accumulation of complex

I

ycf?

PetL, subunit of cytochrome b6f required for optimal efficiency and dimerization
of the complex

ycj8

PsbT, subunit of PS II: required for optimal activity under adverse growth conditions

yej9

PsbZ, subunit ofPS II: role in the connection of the antennae to the PS II
reaction center and in PSII supramolecular organization

ycfl O

envelope protein, facilitates inorganic carbon uptake into the chloroplast

yefl2

no detectable phenotype associated with its inactivation

yefs that have not yet been identified in the chloroplast genome of C. reinhardtii

VI. Conclusions and Prospects
Because of the availability of a reliable chloroplast
transformation system and of the occurrence of
homologous recombination in this organelle, any
plastid gene of interest can be inactivated and
chloroplast reverse genetics is feasible in C. reinhardtii as well as in several higher plants. This
approach coupled to biochemical and biophysical
analysis has led to significant progress in the
elucidation of the functional role of plastid genes,
especiallyfortheycjgenes (Table 2). In this way new
subunits ofthe photosynthetic complexes PS II (YcfS,
Ycf9) and the cytochrome bJ complex (Ycf6, Ycf7)
that had escaped biochemical detection have been
discovered. In addition factors involved in the
assembly of cytochrome c type heme (Ycf5), PS I
(YcD, Ycf4), and in the facilitation of inorganic
carbon uptake (Ycfl 0) have been identified. However
in one case (Ycfl2) no phenotype could be detected.
This might be due to a functional redundancy in the
cell or the phenotype may only be apparent under
unusual growth conditions. In two other cases (Ycfl,
Ycf2) the gene was found to be essential, precluding
a functional analysis. The elucidation ofthe functional
role of genes ofthis sort remains a challenge and will
require the establishment ofan inducible chloroplast
gene expression system. Finally, there are at least 10
chloroplast ORFs that appear to be unique to
C. reinhardtii. It is not yet known whether some of

these ORFs are located in the nuclear genome of
higher plants and their function remains to be
determined.
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Summary

Chlorophylls and their derivatives play an important role in the light absorption and energy transduction
processes of photosynthesis, as well as participate in numerous other metabolic and catabolic activities taking
place within the cell. Over the past several years there has been a considerable advancement in our
understanding of the biochemistry and genetic regulation of chlorophyll formation. Genes encoding many of
the enzymes of the two biosynthetic pathways have been isolated and their nucleotide and encoded primary
protein sequences determined. Such molecular analysis has greatly facilitated the detailed examination ofhow
enzyme synthesis and activity are regulated throughout development and under a variety ofdifferent growth and
environmental conditions. It has also led to new insights into the reaction mechanisms and specificity ofseveral
key enzymes in these processes. In this chapter, we present an overview ofchlorophy 11 biosynthesis in the algae,
drawing upon work carried out in a wide range of organisms in order to better illustrate features of the
biosynthetic process in question or to highlight important differences among species.

I. Introduction
The evolution of the photosynthetic process led to a
dramatic change in the earth's environment and made
life as we now know it possible. Among the keys to
establishing photosynthesis was the development of
efficient light harvesting and energy transduction
molecules capable of absorbing rays of light energy
and converting them into stored chemical energy for
growth and differentiation. The chlorophylls and
their derivatives are integral components of the
photosynthetic apparatus and all organisms capable
of oxygenic photosynthesis have a relatively
conserved and tightly regulated biosynthetic pathway
to produce these important light harvesting and energy
transducing molecules.
In this chapter we focus primarily on the
enzymology ofchlorophyll biosynthesis in the algae.
We discuss the present understanding ofthc structural
features of the enzymes involved in the formation of
these pigments, the biochemical and genetic factors
that regulate the biosynthesis and activity of these
enzymes, and how their respective activities are
integrated and coordinated within the cell. Wherever
possible, our discussion is limited to aspects of the
biosynthetic process as it occurs in eukaryotic algal
species. Descriptions of related processes in
photosynthetic prokaryotes and plants are only
included when essential or relevant data are not
available from algal sources or when comparison is
Abbreviations: ALA - a-aminolevulinic acid; ARG - arginine;
ASN - asparagine; CoA - coenzyme A; CYS - cysteine; Cyt cytochrome; EDTA - ethylene dinitrilo-tetraacetic acid; EGTA ethyleneglycol-bis-(f3-aminoethyl ether) N,N' -tetraacetic acid;
Gabaculine - 3-amino-2,3-dihydrobenzoic acid; GSH glutathione; KDa - kilodalton(s); LYS -lysine; TYR - tyrosine

necessary to highlight critical differences in enzyme
structure, activity, and regulation. Readers interested
in additional information on the process of chlorophyll
biosynthesis and tetrapyrrole formation in photosynthetic prokaryotes are referred to the reviews of
Biel (1989), Bryant (1994), Suzuki et al. (1997),
Blankenship and Hartman (1998), and Beale (1999).
For excellent discussions of the biochemistry and
genetics of chlorophyll formation in vascular plants,
the reader is referred to the reviews of Geider and
Osborne (1992), von Wettstein et al. (1995),
Reinbothe and Reinbothe (1996), Reinbothe et al.
(1996b), Porra (1997), Grimm (1998) and Timko
(1998),
II. An Overview of Tetrapyrroles and Their
Derivatives

The three major classes of tetrapyrroles present in
photosynthetic algal cells are the Mg 2+-porphyrins,
Fe2+-porphyrins, and bilins. The Mg-t-porphyrins
are the most abundant class and consist predominately
ofthe chlorophylls and their derivatives. Along with
their apoproteins, the chlorophylls form the lightharvesting and reaction center complexes of
Photo systems I and 11 (PS I and PS II). The Fe2+porphyrins, typified by heme and its precursor
protoheme, are less abundant and generally function
as cofactors or prosthetic groups for various soluble
oxidative enzymes (such as catalases, peroxidases,
and cytochrome P450s) and membrane-localized
cytochromes comprising the mitochondrial- and
plastid-localized electron transport chains. The third
class of tetrapyrroles found principally in Cyanobacteria and red algae (Beale, 1994) is the linear,
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Fig 1. General outline of the tetrapyrrole biosynthesis pathway in photosynthetic organisms. Shown are the major intermediates and
enzymes involved in tetrapyrrole formation in plants, algae, and photosynthetic bacteria and the proposed location of the enzymatic
activities in plastids. The steps leading to phycobilin and vitamin B 12 formation appear to be restricted to prokaryotic organisms. The
dashed lines indicate the possible transport of these compounds from the plastid envelope to the thylakoids.

non-metal chelating bilins. The bilins are a structurally
and functionally diverse group of molecules which
includes the phycobilins and phytochromobilin.
Along with their apoproteins, the phycobilins form
the major light-harvesting pigments of the photosynthetic membranes in the Cyanobacteria and are
accessory components of the phytosynthetic
apparatus in some algal species (Chapter 14, Toole
and Allnutt). On the other hand, phytochromobilin is
a linear tetrapyrrole that is covalently attached to the
phytochrome apoprotein forming a holocomplex that
serves as a major red light photoreceptor involved in

regulating various cellular activities (Fairchild and
Quail, 1998). Other tetrapyrrolic compounds are
also found in many algal species. These include
sirohcme, used as a prosthetic group of the nitrite
and sulfite reductases (Crawford, 1995), and corrins,
such as vitamin B I2 (Battersby, 1994).
Figure 1 shows schematically the general pathway
for the formation of chlorophyll a found in algae and
the branch points leading to the formation of other
major tetrapyrroles. All tetrapyrroles are derived
from a common biosynthetic precursor, 8-aminolevulinic acid (ALA). Two biosynthetic routes are
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Table I. Distribution of chlorophyll fOTITIS among algal species
Algal group
Glaucophyta
Rhodophyta
Chlorophyta
Euglenophyta
Dinophyta
Cryptophyta
Heterokontophyta
Raphidophyceae
Chrysophyccac
Prymnesiophyceae
Bacillariophyceae
Xanthophyceae
Eustigmatopnyceae

Chlorophylls
bacteriochlorophyll"
G,
G,
G,

(d?)

b
b

G, c2
G, c2

G, C

G, cI' C2' C3'

c4

G, cI' c2' C3
G, c I, c2
G, C
G

Phaeophyceae
G, CI' c2
"Glaucophyta is made up ofspecies which contain cyanobacteriallike cndosymbionts. Data were compiled from Meeks (1974),
Fawley (1988) and Lee (1999).

The complement of chIorophyll s found in various
algal species appears to be phylum specific. All
photosynthetic organisms classified as algae
synthesize chlorophyll a as their primary photosynthetic pigment. However, they also produce several
chlorophyll derivatives. Of these derivatives,
chlorophyll b, which is ubiquitous among the higher
plant phyla, is only known to be present in members
of the Chlorophyta, Chlorarachiniophyta and
Euglenophyta. Chlorophyll c, of which there are
several distinct forms, is found only in members of
the chromophyte (brown) algae: Dinophyta,
Cryptophyta, and Heterokontophyta. Chlorophyll d
is present only in Acaryochloris marina and possibly
the Rhodophyta (see Section VIII.C and Chapter 13,
Larkum). A summary of the occurrence and
distribution ofchlorophyll derivatives among various
algal groups is presented in Table I.
IV. Early Steps in Chlorophyll Biosynthesis

known for the formation of ALA, although as
discussed below only one, the C s pathway, is
predominately used in algal species. Following the
biosynthesis ofALA and assembly ofthe tetrapyrrolic
ring, the first major branch point in the pathway
occurs after the formation of protoporphyrin IX.
Protoporphyrin IX is the last intermediate in common
between the Mg 2+-branch of the pathway that gives
rise to chlorophylls a, b, c and d and their derivatives
and the Fe2+-branch that yields protoheme, heme,
and the linear tetrapyrroles including phycobilin and
phytochromobilin, The formation of siroheme and
the corrinoids occurs in a minor branch ofthe pathway
originating from uroporphyrinogen III.
III. Chlorophyll Forms and Their Distribution
in Algal Species

The algae are a diverse group of unicellular and
multicellular organisms whose present form and
function may be the product of convergent evolution
to exploit a common aquatic habitat. Their current
grouping represents taxonomic distinctions but do
not necessarily follow a common evolutionary unit
(Ramus, 1981; Chapter 1, Douglas et al.). Therefore,
it is not surprising that among the many phyla we
find different groupings of pigments including
phycobiliproteins, carotenes, xanthophylls, and the
subject of this review: chlorophylls.

A. The Formation of ALA from Glutamate
ALA is considered the first committed precursor of
tetrapyrrole biosynthesis and its formation is known
to occur by two distinct biosynthetic routes, differing
significantly in their enzymatic machinery and substrate requirements. In members of the a-protobacteria, which includes photosynthetic genera (e.g.,
Rhodobacter, Rhodopseudomonas, and Rhodospirillum), nonphotosynthetic genera (e.g., Agrobacterium, Rhizobium and Bradyrhizobium), nonphotosynthetic lower eukaryotes (yeast and fungi)
and animal cells, ALA is formed from glycine and
succinyl-CoA in a condensation reaction catalyzed
by the pyridoxal phosphate-requiring enzyme ALA
synthase (EC 2.3.1.37, ALAS). ALA synthase has
been extensively studied and the biochemical and
genetic factors that regulate its formation and activity
have been described elsewhere in considerable detail
(Dailey, 1990; Jordan, 1991; Beale, 1993, 1995). To
date, ALA synthase has only been detected in two
green algae, Euglena gracilis (Beale et al., 1981) and
Scenedesmus obliquus mutant C-2A' (DrechslerThielmann et al., 1993). In all other photosynthetic
organisms, including plants, red and green algae,
Cyanobacteria and other photosynthetic prokaryotes
not classified within the a-protobacteria (i.e.,
prochlorophytes, the purple and green sulfur bacteria,
the green non-sulfur bacteria, and heliobacter), ALA
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Fig 2. The C, pathway for ALA formation and its conversion to PBG. The enzymatic steps and biosynthetic intermediates of the C,
pathway for ALA formation from glutamate are shown. GSA is shown in its linear form only, but likely coexists as an equilibrium mixture
of linear, hydrated semiacetol, arid cyelic forms in solution.

is formed from the C, skeleton of glutamate (Fig. 2).
This pathway, first described by Beale and his
colleagues and referred to as the C, pathway, requires
four separate components: three different enzymes
(glutamyl-tRNA synthetase (GluRS), glutamyl-tRNA
reductase (GluTR), and glutamate-I-semialdehyde
aminotransferase (GSA-AT)) and an activated
tRNAGLU. The formation ofALA via the C, pathway
begins with the Mg 2+- and ATP-dependent activation
ofglutamate by its esterification to a plastid tRNAGLU
(Kumar et al., I996a). This reaction is catalyzed by
GluRS. The activated, tRNA-bound glutamate is
then reduced by the pyridine nucleotide-requiring
enzyme GluTR to form glutamate-I-semialdehyde
(GSA). Finally,GSA is converted toALA by exchange
ofthe C I and C2 amino groups in a reaction catalyzed
by GSA-AT.The basic features of'C, pathway appear
to be similar or identical in the various plants, algae,
and bacteria examined and it has been shown that in
some cases reaction components from different
sources can be combined to reconstitute ALA
biosynthetic activity (Beale, 1993, 1995).
1. tRNAGLU

In all organisms using the C, pathway examined thus
far, the RNA required forALA formation is a tRNAGLU
containing the UUC anticodon for glutamate (Huang
et aI., 1984; Schon et al., 1986; Schneegurt et al.,
1988). While it was suggested initially that the
tRNA(iLU involved inALA formation may be a special
tRNA species, several lines of evidence have shown
that this is not the case and that the same tRNAGLU
used for ALA formation is also used for protein
synthesis (Kumar et al., 1996a). The tRNA GLU is
encoded in the chloroplast DNA of plants and algae
(Sugiura, 1992) and its nucleotide sequence is highly
conserved (Kumar et al., 1996a).

2. Glutamyl-tRNA Synthetase

The same glutamyl-tRNA synthetase (EC 6.1.1.17,
GluRS) used for protein synthesis catalyzes the
esterification of glutamate onto tRNAGLU for use in
ALA formation (Kumar et al., 1996a). Like other
well characterized aminoacyl-tRNA synthetases, the
GluRS involved in ALA formation requiresATP and
Mg 2+ for activity. GluRSs have been isolated and
characterized from C. reinhardtii (Chang et al., 1990;
Chen et al., 1990a), Chlorella vulgaris (Weinstein et
al., 1987),and barley (Bruyant and Kannagara, 1987),
as well as from a number ofphotosynthetic and nonphotosynthetic prokaryotes (Beale, 1995). The
Chlamydomonas GluRS was analyzed by both
denaturing SDS-PAGE and sedimentation on glycerol
gradients and determined by Chen et al. (1990a) to
be a monomer of 62 kDa. In contrast, Chang et al.
(1990) reported that the Chlamydomonas GluRS
was a 60 kDa dimer that could be denatured into
identical subunits of approximately 32.5 kDa. In
Chlorella, several GluRSs were reported to be present,
but only one produced a glutamyl-tRNA used in
ALA formation (Avissar and Beale, 1988). Unlike
its substrate, tRNAGLU, GluRS is likely to be encoded
in nuclear DNA (Kumar et al., 1996a). However, a
gene encoding the enzyme has yet to be isolated
from plants or algae.
3. Glutamyl-tRNA Reductase

Glutamyl-tRNA reductase (GluTR) catalyzes the
Mg 2+- and NADPH -dependent reduction ofglutamyltRNAGLU to form glutamate-I-semialdehyde (GSA),
a hydrated hemiacetal form of GSA, or a cyclized
form of the compound (Houen et al., 1983; Hoober
etal., 1988; Jordan et al., 1993)(Fig. 2). ThetRNAGLU
is released in the reaction becoming available for
another round of aminoacylation by GluRS. Despite
their relatively low abundance within cells, GluTRs
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have now been purified and characterized from a
number of photosynthetic and non-photosynthetic
organisms (Weinstein et al., 1987; Chen etal., 1990b;
Rieble and Beale, 1991a; Pontoppidan and Kannangara, 1994; Kumar et al., 1996a). The various
G1uTRs differ considerably with respect to their
molecular mass, subunit composition, and catalytic
activity. The enzyme from C. reinhardtii has been
reported to be a monomer with a molecular weight of
130 kDa (Chen et al., 1990b). This contrasts with the
purified enzyme from barley which has a molecular
mass of 270 kDa and is composed of four to six
identical subunits of 54 kDa (Pontoppidan and
Kannangara, 1994). Genes encoding GluTR (gtr)
have been characterized from a number oforganisms
including C. reinhardtii (Mayer et al., 1987) and
several plant species (nag et al., 1994; Kumar et al.,
1996b; Bougri and Grimm, 1996; Tanaka et al.,
1996, 1997). Comparisons of the predicted amino
acid sequences for the encoded GluTRs reveal
significant conservation in primary protein structure.
Interestingly, most plant species analyzed to date
appear to contain multiple expressed forms of the
enzyme whereas Chlamydomonas has only a single
copy of the gtr gene. The necessity and functional
significance of having multiple forms of the enzyme
remains to be determined.
A number of studies have shown that GluTRs
recognize the tRNA cofactor in a nucleotide sequencespecific fashion. For example, the E. coli glutamyltRNA GLU could serve as substrate for the GluTRs
from Chlamydomonas and Arabidopsis, but was not
recognized by the purified GluTR from Euglena
gracilis, or barley (Huang and Wang, 1986; nag et
al., 1994; Pontoppidan and Kannangara, 1994).
Specific residues important in controlling the
interaction of tRNAGLU with GluTR have recently
been determined for Euglena gracilis where a single
point mutation in tRNA(iLL; was found to uncouple
chlorophyll and plastid protein synthesis (StangeThomann et al., 1994). The tRNAGLU could stil\ be
charged by GluRS, but was no longer able to
participate in the GluTR reaction.
There is evidence that the GluRS and GluTR of
Chlamydomonas form a stable complex as evidenced
in their ability to cosediment during centrifugation
through glycerol gradients (Jahn, 1992). Stable
complexes were formed only in the presence of
glutamyl-tRNA GLU or when appropriate combinations
ofATp, glutamate, and tRNA GLU were included in the
assay mixture, indicating that aminoacylated-
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tRNA GLU was required for complex formation.
Addition of NADPH resulted in the reduction of
tRNA-bound glutamate and complex dissociation.
The formation of such a ternary complex was
suggested to be a possible mechanism for channeling
glutamyl-tRNA GLU specifically to ALA biosynthesis
rather than to protein synthesis (Jahn, 1992).

4. Glutamate-1-Semialdehyde
Aminotransferase
Glutamate-1-semialdehyde aminotransferase (EC
5.4.3.8, GSA-AT) catalyzes the final step in ALA
synthesis, the transamination ofGSA toALA (Fig. 2).
GSA-ATs have been purified from a variety of
organisms and their biochemical properties and
catalytic mechanisms have been characterized in
considerable detail. It is now generally accepted that
GSA-AT converts GSA to ALA by a ping-pong bi-bi
reaction mechanism in which the NH 2 group on the
C4 carbon of GSA is transferred to the C5 carbon of
ALA. In the reaction pyridoxal 5'-phosphate serves
as a cofactor and 4,5-diaminovaleric acid is formed
as an intermediate (Kannangara et al., 1994). The
enzymes isolated from Chlorella (Avissar and Beale,
1989), Chlamydomonas (Wang et al., 1984; Jahn et
al., 1991) as well as higher plants and Cyanobacteria
(GrimmetaI., 1989; RiebleandBeale, 1991b) appear
to function as homodimers consisting of 43-46 kDa
subunits. The purified enzyme contains a pyridoxalphosphate cofactor (Avissar and Beale, 1989) bound
at a conserved LYS within the proposed active site
domain (Grimm et aI., 1992) and requires no added
substrates other than GSA for activity. The presence
of a bound pyridoxal-phosphate cofactor on the
enzyme is consistent with the observations that ALA
formation is readily inhibited by gabaculine and
aminooxyacetate, compounds known to be pyridoxal
antagonists (Avissar and Beale, 1989).
At least two distinct genes encoding GSA-AT
(gsa) are present in the nuclear genome in plants
(Grimm, 1990; Sangwan and O'Brian, 1993; Hofgen
etal., 1994; Wenzlau and Berry-Lowe, 1995), whereas
only a single gene appears to be present in
Chlamydomonas (Matters and Beale, 1994). The
GSA-ATs from the various plants and algae display
a high degree of protein sequence similarity and are
similar in primary structure to other members ofthe
aspartate aminotransferase enzyme family (nag et
aI., 1994; Matters and Beale, 1994). The ternary
structure of GSA-AT has now been solved for the
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enzyme from Synechococcus sp. PCC6308 (Hennig
et al., 1997). These studies confirmed the dimeric
nature ofthe enzyme and provided interesting insight
into reaction mechanism.

B. Light and Metabolic Regulation of ALA
Biosynthesis
One of the first recognized control points of
chlorophyll biosynthesis occurs at ALA formation.
The biosynthesis ofALA is thought to be rate limiting
since the exogenous application ofALA to cotyledons
of etiolated plant seedlings leads to a dramatic
increase in protochlorophyllide, the only intermediate
in chlorophyll formation that normally accumulates
to detectable levels in these tissues. Feeding ALA to
dark-grown Chlamydomonasy-l cells also results in
increased protochlorophyllidc levels (Wang et al.,
1977). Such an increase would only be expected if
ALA formation was feedback inhibited by one or
more of the end products of the pathway. Heme
appears to be an effective inhibitor ofALA formation
in Chlorella vulgaris, with other tetrapyrroles (e.g.,
protoporphyrin, protochlorophyllide, chlorophyllide)
being less inhibitory at physiological concentrations
(Weinstein and Beale, 1985; Beale and Weinstein,
1990; Weinstein et al., 1993). The sensitivity of
Chlorella to heme could be enhanced by treatment of
the cells with glutathione (Weinstein et al., 1993). In
contrast, physiological concentrations of heme had
no affect on ALA formation from glutamate in
Euglena gracilis (Mayer et al., 1987).
Which pathway enzyme is the target for metabolite
repression of ALA formation is not known. In
Chlorella, neither GluRS nor GSA-AT activity were
affected by heme treatment (Weinstein et al., 1993).
On the other hand, purified GluRS from Chlamydomonas was inhibited in vitro over 90% by the
presence of 5 ,uM heme in the assay mixture (Chang
et al., 1990). The GluRS from Scenedesmus obliquus
was reported to be inhibited by protochlorophyllide
and to a lesser extent by chlorophyll a and
protoporphyrin IX (Dornemann et al., 1989). In
contrast, physiologically relevant concentrations of
either heme or protochlorophyllide had no effect on
GluRS activity from Synechocystis sp. PCC 6803
(Rieble and Beale, 1991a). It would seem unlikely
that GluRS would be the target for feedback inhibition
ofALA formation since in most organisms the GluRS
used for ALA formation is also used for protein
synthesis. Furthermore, the level of fully acylated
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tRNA GLU available in the cell does not change under
various growth conditions (O'Neill and Soli, 1990;
Kumar et al., 1996a). A more Iikely target for feedback
control of ALA formation is GluTR. GluTRs have
been purified from a variety of photosynthetic
organisms and enzyme activity has been shown to be
inhibited by physiologically relevant heme concentrations (Rieble and Beale, 1991b; Weinstein et al.,
1993; Pontoppidan and Kannangara, 1994). Furthermore, multiple isoforms of the enzyme are reported
to be present in plants, at least one of which appears
to be specific for photosynthetic cells. This suggests
that GluTR may have an important role in controlling
ALA formation in response to changing cellular
needs for tetrapyrrole precursors (Bougri and Grimm,
1996; Tanaka et al., 1996).
In the presence of aeylated tRNA GLLJ, the Chlamydomonas GluRS and GluTR are reported to form a
stable complex (Jahn, 1992). Since GluTR competes
with EF-Tu for binding of glutamyl-tlcNa?'",
complex formation between GluRS and GluTR may
be a possible mechanism for channeling glutamyltRNAsGLt.: specifically to ALA formation rather than
to protein synthesis (Bougri and Grimm, 1996). The
binding affinity ofGluTR to GluRS may be influenced
by the presence of heme through specific sites in
GluTR. Such heme response sites are known to exist
in other proteins that use heme as an effector to
regulate their activity (Zhang and Guarente, 1995).
In Chlamydomonas, neither transcription of tmEl ,
the plastid gene encoding tRNAGLU (Jahn, 1992), nor
the level of GluRS (Mau et al., 1992) is significantly
altered by light during greening. This is similar to
what has been observed in higher plants, where the
levels of both tRNAGLU (Berry-Lowe, 1987) and
GluRS (Bougri and Grimm, 1996) do not appear to
ehange in etiolated seedlings following illumination.
Increased levels of GluTR and GSA-AT activity
were observed in dark-grown Chlamydomonas cells
transferred into the light, with GSA-AT exhibiting
the largest increase in enzyme activity (Mau et al.,
1992). Light treatment has also been shown to bring
about an increase in GSA-AT mRNA levels in light:
dark synchronized-cell cultures, with a two-fold
increase in mRNA abundance observed in the first
0.5 h in the light and a 26-fold increase in message
levels found after 2 h of illumination (Matters and
Beale, 1994). The observed increase in GSA-AT
mRNA in the synchronized cells was comparable to
the previously reported increases in GSA-AT activity
in dark-grown Chlamydomonas following transfer
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into the light. This differs slightly from what has
been reported to occur during the greening ofetiolated
plants, where light-induced increases in GluTR and
GSA-ATactivity were not alwayscoupled to increased
levels of GluTR and GSA-AT mRNAs (Grimm,
1990; Sangwan and O'Brian, 1993; Ilag et al., 1994;
Bougri and Grimm, 1996). The observed lack of
correlation between message abundance and enzyme
activity levels was suggested to be indicative of the
involvement of post-transcriptional events in the
control ALA synthesis (Bougri and Grimm, 1996).
The differences observed in the regulation ofGluTR
and GSA-ATexpression in response to light between
greening angiosperm seedlings and synchronized
Chlamydomonas cells may also reflect physiological
differences between the two cell types (Matters and
Beale, 1994). Since cells in etiolated tissues are
poised for greening, GluTR and GSA-AT mRNA
levels would be expected to be high in order to
accommodate the need for rapid ALA formation
upon illumination. In contrast, cells growing
synchronously under light/dark cycles require
significant levels of new chlorophyll synthesis only
upon cell division, which occurs only once during
the dark phase. It is worth noting that Arabidopsis
seedlings grown in dark/light cycles exhibit more
dramatic changes in GluTR and GSA-AT mRNA
levels, with the abundance of both mRNAs low
during the dark period and high in the light (Ilag et
aI., 1994).
The mechanism by which light regulates gene
expression involved in ALA formation is not known.
In higher plants, ALA formation is thought to be
regulated in part by a low fluence phytochrome
response (Huang et al., 1989). Both red and blue
light treatments were found to be effective inducers
ofALA formation in dark-grown wild-type Euglena
gracilis cells (Mayer and Beale, 1990). However,
only blue light treatment was required to induce the
enzymes involved in ALA formation in an achlorophyllous mutant ofthis alga (Mayer and Beale, 1991).
In Chlamydomonas, expression of the nuclear gene
encoding PBGS (designated alad) was shown to be
regulated by a carotenoid-type blue-light photoreceptor system rather than by phytochrome,
rhodopsin, or a protochlorophyllide-based photoreceptor (Matters and Beale, 1995b). In contrast
light dependent gsa gene expression can be induced
in carotenoid deficient cells. Addition of the flavin
antagonist diphenyleneiodonium to the growth
medium abolishes expression suggesting a ftavin-
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based effector ofgsa induction (Herman, et al. 1999).
Studies aimed at defining more precisely the
molecular mechanism of blue-light induction ofgsa
expression showed that both Ca 2+ and calmodulin are
essential components ofthe signal transduction chain
leading to increased gsa transcription (Im et al.,
1996). It was also shown that blue-light induction of
gsa transcription likely involved an acetate-dependent
mobilization of internal Ca 2+ pools, with acetate
most likely acting as a source ofmetabolic energy for
the mobilization process.

v. The Pathway from ALA to
Protoporphyrin IX
The biosynthetic steps between ALA and protoporphyrin IX are absolutely conserved among all
tetrapyrrole forming prokaryotic and eukaryotic cells
regardless of whether they are photosynthetic. As a
consequence, a large part ofthe information available
on the enzymes in this portion of the pathway comes
from non-algal species, although there is some
information available from intensively studied
organisms such as Euglena, Chlorella, and Chlamydomonas. In the common steps of tetrapyrrole
formation, ALA is first condensed to form a
monopyrrole, porphobilinogen, and four monopyrroles are joined to form the tetrapyrrole ring.

A. Porphobilinogen Biosynthesis
Porphobilinogen synthase (EC 4.2.1.24, PBGS; also
known as ALA dehydratase, ALAD) catalyzes the
asymmetric condensation of two ALA molecules to
form porphobilinogen (PBG), the first pyrrole in the
pathway (Fig. 2). Using radioactively-labeled
substrates and substrate analogs, Jordan and his
colleagues showed that the ALA initially bound by
the enzyme forms a Schiff base with its keto group
and the s-amino group of a conserved active site
LYS.The second ALA molecule is placed in a separate
nearby substrate binding site. The twoALA substrates
bound by PBGS are distinguished by the side chains
they contribute to the final product, PBG. The first
bound ALA molecule contributes the propionyl half
of PBG and binds at a site in the enzyme termed
the P-side, while the second ALA molecule
contributes the acetyl half of the PBG product and
binds at the A-side. Condensation between the C3 of
the A-side ALA and the C4 of the P-side ALA
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(Erskine et al., 1997; Frankenberg et al., 1999)
Nucleotide and deduced amino acid sequence
information is now available for at least 16 different
PBGSs from various plants, algae, and photosynthetic
bacteria (Jaffe, 1995). Only a single gene encoding
PBGS appears to be present in the Chlamydomonas
nuclear genome (Matters and Beale, 1995a). This
gene, designated alad, encodes a 43-kDa protein
with 50-60% sequence identity to the enzymes found
in plants. Like the plant enzymes, the Chlamydomonas PBGS contains the highly conserved ASPrich domain thought to be involved in Mg2- binding
(Cheung et al., 1997).

occurs, and there is a stereospecific removal of a
hydrogen atom at the C2 position on the developing
pyrrole ring (Spencer and Jordan, 1994, 1995).
While the basic catalytic properties of PBGSs
isolated from various prokaryotic and eukaryotic
organisms are the same, differences in enzyme
structure, metal ion requirements for catalysis, and
oxygen/sulfhydryl sensitivity have been reported
(Jordan, 1991; Jaffe, 1995). In general, two major
classes ofPBGD are known. Plants, algae and some
bacteria all contain Mg 2+-dependent PBGDs whereas
mammals, yeast and bacteria including E. coli
(Jordan, 1991; Jaffe, 1995) contain enzymes
dependent on Zn 2+ for activity. All PBGSs characterized thus far have been reported to be oligomeric
proteins ranging in molecular mass from 250-340
kDa and containing six-eight subunits (Jordan, 1991;
Jaffe, 1995). X-ray crystallographic analysis of the
enzymes from E. coli and Pseudomonas aeruginosa
confirmed that the enzyme has a homooctomeric
structure consisting of four asymmetric dimers

B. Porphobilinogen Deaminase
Porphobilinogen deaminase (EC 4.1.3.8, PBGD; also
known as hydroxymethylbilane synthase) catalyzes
the deamination and polymerization offour molecules
of PBG resulting in the formation of the first
tetrapyrrole in the pathway, 1-hydroxymethylbilane

H,o
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UROS

PBGD

..

err-

OH

Uroporphyrinogen III

1-Hydroxymethylbilane

(4)PBG

<'

OH

ppox

CPOX

Coproporphyrinogen III

Protoporphyrinogen IX

Protoporphyrin IX

Mg-Protoporphyrin IX

Fig 3. Biosynthetic intermediates in the pathway for chlorophyll formation between porphobilinogen and Mg-protoporphyrin IX. Shown
are the structures of the various pyrrole and tetrapyrrole intermediates leading to the formation of Mg-protoporphyrin IX. The reaction
begins with the condensation offour PBG molecules to form the linear tetrapyrrole l-hydroxymethylbilane and its subsequent conversion
to Mg-protoporphyrin IX.
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(preuroporphyrinogen), an unstable linear molecule
(Fig. 3). During or immediately after its release from
PBGD, l-hydroxymethylbilane is cyclized and must
be quickly isomerized by the enzyme uroporphyrinogen III synthase (UROS) to yield uroporphyrinogen Ill. If UROS is not present then the
biologically irrelevant isomer uroporphyrinogen I
spontaneously forms (Battersby et aI., 1979).
Uroporphyrinogen III is the only isoform of the
tetrapyrrole capable of being used in subsequent
steps of the biosynthetic pathway.
PBGDs have been purified from E. gracilis,
Chlorella vulgaris, as well as various photosynthetic
bacteria and vascular plants. In all cases, the enzyme
has been found to be a monomer ranging in molecular
weight between 34-44 kDa (Spano and Timko, 1991;
Jones and Jordan, 1994; Shoolingin-Jordan, 1995).
The reaction catalyzed by PBGD is unique in that a
dipyrromethane cofactor covalently attached to the
enzyme is used as a primer for the subsequent addition
of the four substrate PBG molecules of the growing
mono- through tetrapyrrole chain (Hart et aI., 1987;
Jordan and Warren, 1987). The dipyrromethane is
covalently attached to the enzyme at a CYS universally
conserved in all PBGDs characterized to date
(Shoolingin-Jordan, 1995). After completion of
tetrapyrrole assembly, the bond between the
dipyrromethane and the tetrapyrrole chain is cleaved,
releasing the l-hydroxymethylbilane, and leaving
the dipyrromethane attached to the enzyme. There
does not appear to be any additional metals or
cofactors required for enzyme activity. The important
structural features in PBGDs, the reaction mechanism,
and the molecular factors controlling enzyme
formation and activity have been the subject of a
recent review (Shoolingin-Jordan, 1995).
Genes encoding PBGD have been cloned from a
wide variety of species. However, up to this point
only a very limited number have been isolated from
photosynthetic organisms (i.e., Euglena gracilis
(Sharif et aI., 1989), pea (Witty et aI., 1993), and
Arabidopsis (Lim et aI., 1994)). When the deduced
primary structure of the plant and algal PBGDs are
compared to those from animals and bacteria, only
15-20% overall sequence similarity is observed
(Shoolingin-Jordan, 1995). The majority of the
conserved residues are involved in catalysis and
substrate binding. Solving the ternary structure of
the E. coli PBGD by X-ray crystallography has
greatly assisted in understanding enzyme function
and has led to the identification of residues required
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for assembly of the dypyrromethane cofactor, PBG
polymerization, and catalysis (Louie et aI., 1996).

C. Uroporphyrinogen 1IISynthase
Uroporphyrinogen III synthase (EC 4.2.1.75, UROS)
catalyzes the cyclization of l-hydroxymethylbilane
and inversion ofthe Dring ofthe tetrapyrrole leading
to the formation of uroporphyrinogen III, the first
macrocyclic tetrapyrrole (Fig. 3). The mechanism of
cyclization and the nature of the rearrangement that
occurs to produce the uroporphyrinogen III isomer
has been studied extensively. It is now generally
believed that the inversion ofring D proceeds through
a spiro intermediate and not only are the acetate and
propionate side chains turned around, but the whole
pyrrole ring (Leeper, 1994; Shoolingin-Jordan, 1995).
UROS has been purified from Euglena gracilis
(Hart and Battersby, 1985), spinach (Higuchi and
Bogorad, 1975), and E. coli (Jordan et aI., 1988a).
The native enzyme purified from these various sources
is a monomer of approximately 30 kDa. There is no
apparent metal requirement for enzyme activity and
upon purification UROS does not appear to contain
any bound cofactors. Genes encoding UROS have
been isolated from Synechococcus strain PCC 7942
(Jones et aI., 1994) and several non-photosynthetic
microbes (see Beale, 1995), but not from algae or
higher plants. The cyanobacterial gene encodes a 28
kDa protein that has only 26% sequence identity
with the enzyme of E. coli (Jordan et aI., 1988b).
To ensure that the formation of uroporphyrinogen III is not rate limiting, UROS must be present
in excess in the cell or some type of close physical
association must exist between PBGD and UROS in
order to cyclize and isomerize the I-hydroxymethylbilane as rapidly as it is formed. Evidence for
complex formation between PBGD and UROS has
been obtained by enzyme co-sedimentation studies
on sucrose density gradients (Higuchi and Bogorad,
1975) and by affinity chromatography (Frydman and
Feinstein, 1974). In both cases, mobility of PBGD
was influenced by the presence of UROS. Further
evidence for complex formation by the two enzymes
comes from the observation that inclusion ofUROS
in the reaction mixture altered the K M for PBG of the
Euglena PBGD (Battersby et aI., 1979) and facilitated
the release of l-hydroxymethylbilane from the R.
sphaeroides enzyme (Rose et aI., 1988).
Uroporphyrinogen III is the first intermediate in
tetrapyrrole biosynthesis that serves as the starting
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point the formation ofother compounds, in this case,
siroheme and corrins. In algae and other photosynthetic eukaryotes siroheme is the prosthetic group
ofthe nitrite and sulfite reductases (Crawford, 1995).
The conversion ofuroporphyrinogen III to siroheme
requires the methylation of the tetrapyrrole ring at
positions 1 and 3 to form precorrin 2, oxidation of
this intermediate to tetrahydroporphyrin (sirodihydrochlorin), and the subsequent insertion of Fe2+
into the molecule (reviewed in Beale, 1993). In some
organisms, precorrin 2 is converted to corrins. Further
information on the biosynthesis ofcorrins (including
the formation of vitamin B 12) can be found in the
reviews of Battersby (1994), Stamford et al (1997)
and others.
D. Uroporphyrinogen III Decarboxylase
The subsequent formation of protoheme and
chlorophylls requires that uroporphyrinogen III be
decarboxylated at all four acetate side chains. The
enzyme catalyzing this decarboxylation reaction is
uroporphyrinogen III decarboxylase (EC 4.1.1.37,
UROD). The product of the reaction, coproporphyrinogen III, contains four methyl groups in place
of the four acetate side chains. In mammalian cells,
when substrate concentrations are low, decarboxylation ofuroporphyrinogen III takes place beginning
with the acetate side chain present on ring D and
proceeds in an ordered manner through the acetate
side chains of ring A, ring B, and finally ring C (Luo
and Lim, 1993). At high substrate concentration the
pattern of decarboxylation is random. A similar
reaction sequence is expected to take place in
photosynthetic organisms.
UROD has been partially purified and characterized
from Euglena (Juknat et al., 1989) and tobacco
(Chen and Miller, 1974) and purified to near
homogeneity from R. sphaeroides (Jones and Jordan,
1993). Under both denaturing and non-denaturing
conditions the enzyme from R. sphaeroides behaved
as a monomer of approximately 41 kDa, whereas the
Euglena enzyme appeared slightly larger with a
molecular weight of about 54 kDa. The tobacco and
Euglena enzymes require no metals for activity and
are inhibited by sulfhydryl-modifying reagents. The
Euglena UROD is reported to be capable of using
either uroporphyrinogen III or uroporphyrinogen I
as substrate, with uroporphyrinogen III being a much
better substrate (Juknat et al., 1989).
Genes encoding UROD have yet to be isolated
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from any algal species, but have been characterized
from Synechococcus strain PCC 7942 (Kiel et al.,
1991), tobacco and barley (Mock et al., 1995), as
well as from a variety of non-photosynthetic
organisms. The deduced sequences of the tobacco
and barley URODs are very similar to each other and
to the cyanobacterial protein (86% and 73% identical,
respectively), but have only between 33% and 50%
identity to the enzymes isolated from nonphotosynthetic organisms (Mock et al., 1995). Like
most of the enzymes of tetrapyrrole biosynthesis in
photosynthetic eukaryotcs, the URODs of tobacco
and barley are encoded in the nucleus, synthesized as
higher molecular weight precursors in the cytosol,
and post-translationally imported into the plastid.
Until more data is available the same may be assumed
for algal URODs.
E. Coproporphyrinogen 11/ Oxidase
Coproporphyrinogen III oxidase (EC 1.3.3.3, CPOX)
oxidatively decarboxylates the propionic acid side
chains on rings A and B of coproporphyrinogen III,
forming vinyl groups at these positions and generating
protoporphyrinogen IX as product (Leeper, 1991).
In most photosynthetic eukaryotic cells and
aerobically-grown prokaryotes, CPOX requires
molecular oxygen for its activity.The purified enzyme
consists of two identical 35-37-kDa subunits (Hsu
and Miller, 1970; Bogard et al., 1989; Camadro et al.,
1986). CPOXs isolated from plants and algae are
reported to be stimulated by metals such as Fe2+,
Mn2+ and C0 2+, and inhibited by treatment with EDTA.
In plants, CPOX appears to be localized exclusively
in the plastid stroma (Smith et al., 1993; Kruse et al.,
1995). In contrast, the CPOX of mammalian cells is
associated with the intermembrane space of
mitochondria (Grandchamp and Nordmann, 1978)
and the S. cerevisiae enzyme is reported to be soluble
in the cytoplasm (Camadro et al., 1986). Cloned
cDNAs and nuclear genomic fragments encoding
CPOX have been isolated and sequenced from C.
reinhardtii (Hill and Merchant, 1995) and several
plants (Madsen et al., 1993; Kruse et al., 1995). The
encoded proteins show significant similarity to each
other and to other prokaryotic and mammalian
CPOXs. The Chlamydomonas enzyme, like those of
higher plants, is synthesized in the cytoplasm as a
higher molecular weight precursor, which is
efficiently imported into plastids, processed to its
mature size, and localized to the stroma (Madsen et
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al., 1993; Kruse et al., 1995; Hill and Merchant,
1995). In Chlamydomonas, the expression of CPOX
is regulated by the availability of copper in the
growth medium. If the amount of copper is not
sufficient to support plastocyanin accumulation at
the stoichiometry required for photosynthesis, the
cell uses a c-type cytochrome (Cyt c6) as an alternative
carrier. Formation ofthis cytochrome de novo requires
additional heme formation by the cell and thus
induction of CPOX activity.

F Protoporphyrinogen IX Oxidase
Protoporphyrinogen oxidase (EC 1.3.3.4, PPOX)
catalyzes the oxidation ofprotoporphyrinogen IX to
protoporphyrin IX, a fully aromatic molecule and
the only metal-free porphyrin occurring in the
biosynthetic pathway. The oxidation involves the
removal of six hydrogen atoms, two from two of the
nitrogen atoms and one from each meso-carbon (i.e.,
C5, C10, CIS, and C20) and requires a flavin as
cofactor (Leeper, 1991). Although protoporphyrinogen IX undergoes autoxidation when exposed
to molecular oxygen, the reaction is enzyme-mediated
in photosynthetic cells.
PPOX activity has been detected in both plastid
and mitochondrial extracts and both forms of the
enzyme have been purified to varying degrees from a
number of photosynthetic organisms (Jacobs and
Jacobs, 1987; Jacobs et al., 1989). The enzyme
isolated from etiolated barley was reported to be a
210 kDa oligomer, consisting of 36 kDa subunits
(Jacobs and Jacobs, 1987). In this study, no
discernable difference was found between the
isoforms present in plastids and mitochondria. The
subunit molecular weight ofthe plant PPOX reported
in plants is considerably smaller than that reported
for PPOXs in other organisms (Dailey, 1990). The
enzyme was unequivocally demonstrated to be present
in both mitochondria and etioplasts prepared from
pea leaves and Arum species by Smith et al. (1993),
indicating that this step of tetrapyrrole formation,
the last reaction in common to chlorophyll and heme
biosynthesis, occurs in parallel in these two organellar
locations.
Further confirmation of duplicate pathways for
protoporphyrin IX formation located in the plastids
and mitochondria ofplants came from the cloning of
cDNAs encoding organelle-specific forms ofPPOX.
A cDNA encoding a PPOX from Arabidopsis was
isolated by functional complementation of a hemG
mutant of E. coli (Narita et a1., 1996).The Arabidopsis
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eDNA encodes a 57.7 kDa protein containing a 6070 amino acid residue segment at the amino-terminus,
thought to function as the transit sequence required
for organelle import. The Arabidopsis PPOX is about
27% identical to the PPOX encoded by the hemY
gene in B. subtilis and the HemY-likeenzymes present
in various mammalian cells, but surprisingly shows
no similarity to the hemG-encoded enzyme from
E. coli which it complements. The lack of similarity
between the plant and bacterial PPOXs is thought to
reflect the fact that the electron acceptors for the two
classes of enzymes are different (Narita et a1., 1996).
Subsequently, cDNAs encoding two distinct forms
ofthe enzyme were isolated from tobacco (Lermontova et a1., 1997). One cDNA encodes a PPOX
isoform (PPOXI) that is 71.2% identical to the
Arabidopsis PPOX and corresponds to the plastid
localized form of the enzyme. The other cDNA
encodes a protein (PPOXII) consisting of 504 amino
acid residues that is formed in the cytoplasm and
translocated into the mitochondrion with no apparent
change in molecular size. Interestingly, only 27.2%
of the amino acid residues present in the plastid- and
mitochondrion-localized PPOXs from tobacco are
identica1.
PPOX is the cellular target for the p-nitrosubstituted diphenyl ether class of photobleaching
herbicides, known to cause rapid photooxidative
damage in plants (Matringe et al., 1989). A
C. reinhardtii strain resistant to N-phenylimide and
dipheny1 ether herbicides has been isolated and shown
to contain a dominant nuclear mutation (rs-3) thought
to affect the interaction between PPOX and the
photobleaching herbicides (Oshio et a1., 1993; Sato
et a1., 1994). A 10 kb fragment of genomic DNA
containing the entire RS-3 gene has been cloned
from C. reinhardtii and shown to confer herbicide
resistance upon transformation into wild-type cells
(Randolph-Anderson et a1., 1998). The RS-3 gene
contains a G ~ A base change that results in a
Val ~ Met substitution in the PPOX present in the
mutant versus wild-type strains. The Chlamydomonas
PPOX has approximately 56% identity to the
Arabidopsis PPOX within the carboxy-terminal 187
amino acid residues of protein.

G. Regulation of the Common Steps of the
Pathway
Considerably less is known about the regulation of
the steps between ALA formation and metal chelation.
However, enzymatic reactions in this portion of the
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pathway are considered not to be rate limiting. In
Chlamydomonas, the level ofmRNA encoding PBGS
increases approximately seven-fold upon transfer of
synchronously growing cells from dark to light, with
a corresponding three-fold increase in PBGS activity
(Matters and Beale, 1995a,b). By comparison, PBGS,
PBGD, and UROS activities have been reported to
increase between three- to six-fold in etiolated pea
leaves during the first 48-60 h of greening (Smith,
1986; Spano and Timko, 1991; Witty et al., 1993). In
addition, expression of PBGS, PBGD, and CPOX
appears to be regulated to a greater extent by
developmental age rather than light. For example,
higher levels of immunodetectable PBGS, PBGD,
and CPOX protein and the mRNAs encoding these
enzymes are found in leaf tissues in the early stages
ofleafdevelopment compared to later developmental
stages (e.g., when the leaves are completely
differentiated), regardless of whether the plants are
grown in the light or darkness (He et al., 1994; Kruse
et al., 1995). Some progress has also been made
towards understanding the role enzymes catalyzing
the intermediate steps oftetrapyrrole formation play
in controlling the flux of substrate intermediates
through the study of transgenic plants with altered
enzyme expression levels. The general conclusion
derived from these studies is that these intermediate
enzymes are present in non-limiting amounts to
prevent the accumulation tetrapyrrolic compounds
that at high intracellular levels pose a potential
photooxidative danger to the plant. For additional
discussion of this topic the reader is referred to the
review by Grimm (1998) and references therein.
Following the formation ofprotoporphyrin IX, the
tetrapyrrole biosynthetic pathway separates into two
main branches that give rise to the Fe2+-porphyrins
(i.e., protoheme and heme) and the Mg-t-porphyrins
(i.e., chlorophyll and its derivatives). The flow of
biosynthetic intermediates beyond this point in the
pathway is controlled by two enzymes: ferrochelatase,
operating for the Fe 2+ branch, and magnesium
chelatase, for the Mg 2+ branch which leads to
chlorophyll.

characterized from a wide variety of organisms
(Dailey, 1990). In most non-photosynthetic eukaryotes including Saccharomyces cerevisiae and
mammals, ferrochelatase is a monomeric protein of
40-42 kDa that is encoded by a single copy gene in
the nuclear DNA (Beale 1993, 1995). The enzyme is
associated with the inner mitochondrial membranes
where its activity is regulated by lipids, metals, and
porphyrins (Dailey, 1990). Ferrochelatase activity
has been measured in cell-free extracts, and partiallypurified membrane fractions from proplastids,
chloroplasts, and mitochondria (Little and Jones,
1976). The enzymes from plastid and mitochondrial
membrane fractions have similar requirements for
activity, but differ slightly in their pH optimum
(Porra and Lacelles, 1968; Little and Jones, 1976).
Both of the enzymes are inhibited by Fe-, Mg-, and
Zn-protoporphyrins and N-methylporphyrins.
Fractionation studies have shown that all of the
ferrochelatase activity present in mature chloroplasts
is associated with both the thylakoid and envelope
membranes (Matringe et al., 1994; Roper and Smith
1997).
The first successful cloning ofsequences encoding
ferrochelatase was reported by Smith et al. (1994)
who were able to identity an Arabidopsis eDNA
encoding the enzyme by functional complementation
of a yeast mutant defective in this enzyme activity.
The eDNA encoded a 52 kDa protein with 25-35%
sequence identity to ferrochelatases from other
organisms and contained a 65 amino acid transit
peptide capable of targeting the protein to the
chloroplast. Subsequently, two classes ofeDNA were
identified from Arabidopsis (Smith et al., 1994; Chow
eta!., 1998) and other higher plants (Miyamoto et al.,
1994). The cDNAs that fall into the first class
(ferrochelatase I) encode precursors targeted to the
chloroplast, whereas those in the second class
(ferrochelatase II) are targeted to both the chloroplast
and mitochondrion (Roper and Smith, 1997; Chow
et al., 1998). No sequence information is yet available
for a gene encoding the ferrochelatase enzymes from
an algal source.

VI. The Iron Branch

B. Plastidic and Non-plastidic Heme and
Heme Derivatives

A. Ferrochelatase
Ferrochelatase (EC 4.99.1.1) catalyzes the insertion
offerrous iron (Fe2 1) into protoporphyrin IX to form
protoheme. The enzyme has been purified and

Protoheme (heme b) formed within the plastid and
retained for use in various plastid-localized functions
is either incorporated directly into the various b-type
cytochromes (e.g., cytochromes b6) present in the
photosynthetic electron transport chain or used as
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substrate in the formation of heme e, the covalently
attached prosthetic group of cytochromes c and f
(Howe and Merchant, 1994; Beale, 1995). Protoheme
also serves as the precursor in the formation of the
linear, non-metal chelating bi1ins, which includes
the phycobilins and phytochromobilin (Beale, 1994).
Protoheme exported from the plastid (or formed in
reactions localized in other cellular compartments)
has a variety of possible functions. It can be used to
form respiratory cytochromes soluble in the cytosol
or associated with various intracellular membranes.
It can be converted to heme a and used as the
prosthetic group of mitochondrial cytochrome
oxidases, or it can be covalently attached to proteins,
such as the cytosolic-, mitochondrial-, and microbody-localized e-type cytochromes. (Proto)heme may
also be used to regulate a variety ofprocesses within
the cell, including transcription, translation, import
into organelles, the activity of soluble and endoplasmic reticulum-bound cytochrome P450s, and
catalase function in the peroxisomes.
There is now substantial evidence that the plastids
are the sole source of porphyrin intermediates up to
coproporphyrinogen III and that protoporphyrinogen
IX or a later pathway intermediate is exported from
the plastid for the formation of non-plastidic heme
(Smith, 1988; Smith et aI., 1993). Both PPOX and
ferrochelatase activity have been found in mitochondria, suggesting that a portion ofthe non-plastidic
heme pool may be formed in this organelle. However,
the location ofnon-p lastidic heme formation remains
an open question. This subject is beyond the scope of
this chapter and the reader is referred to the reviews
ofBeale (1993, 1995), Castelfranco et al. (1994) and
Porra (1997) for additional discussion.

VII. The Magnesium Branch-Chlorophyll
Formation

a

The pathway from protoporphyrin IX to chlorophyll
a consists of six steps, beginning with the insertion

of a Mg 2+ ion into protoporphyrin IX. Mg 2 +_
protoporphyrin IX is then esterified to form Mg2+_
protoporphyrin IX monomethyl ester (Mg-PME).
An isocyclic ring (ring E) is formed on the molecule
and there is a subsequent reduction of the 8-vinyl
group. Vinyl reduction is followed by the reduction
of ring D and esterification ofthe 17-propionate side
chain. The primary product of this reaction series is
chlorophyll a.

A. Chelation of Magnesium
The insertion of Mg 2+ into protoporphyrin IX does
not occur spontaneously, but is catalyzed in an ATPdependent reaction by the oligomeric enzyme Mg 2 t_
protoporphyrin IX chelatase (Mg-chelatase). Until
recently,little was known about the physical properties
of the enzyme responsible for insertion of Mg2+ into
protoporphyrin IX or the genes that encode its
subunits. Biochemical analysis and cell fractionation
studies established carlyon that the Mg-chelatase
activity present in vascular plant chloroplasts was
composed of at least two separate components, one
soluble and one membrane-associated, and that ATP
was required for activity (Walker and Weinstein,
1991; Lee et aI., 1992). Real progress towards
establishing the physical properties of the enzyme
came with the biochemical analysis ofgenetic mutants
affecting (bacterio)chlorophyll biosynthesis in
photosynthetic bacteria (Baueret aI., 1993) and plants
(von Wettstein et aI., 1995).
It is now established that Mg-che1atase consists of
three distinct protein subunits, designated D, I, and H
each of which is encoded by a separate gene family.
In Rhodobacter capsulatus the genes encoding the
Mg-che1atase subunits, designated bchD, behl, and
bchH, form part ofthe bacteriochlorophyll synthesis
gene cluster (Zsebo and Hearst, 1984). Those present
in the Cyanobacteria (Jensen et aI., 1996a) and in
higher plants (Kruse et aI., 1997; Papenbrock et aI.,
1997) are referred to as ChID, ChlJ, and ChlH. The
individual Mg-che1atase subunits show ahigh degree
of conservation in size and amino acid sequence
among prokaryotic and eukaryotic organisms. The
molecular weight ofthe bchD/chlD/ChlD encoded D
subunit has been reported to be between 70-82 kD,
whereas the behl/chlI/ChlI encoded subunit ranges
in size between 40--42 kD and the bchH/chlH/ChlH
encoded subunit is between 140-154 kD (Koncz et
aI., 1990; Hudson et aI., 1993; Bollivar et aI., 1994a,b;
Jensen etal., 1996a,b; Kruse etal., 1997; Papenbrock
et aI., 1997).
Genes encoding the three subunits ofMg-chelatase
were initially identified by insertional mutagenesis
studies in Rhodobacter spp., where loss ofexpression
of either the behD, behI, and bchH was correlated
with the accumulation of protoporphyrin IX and
absence ofenzymatic activity (Bollivar et aI., 1994a).
Unambiguous proof that the proteins encoded by
behD, behl, and bchH (and their cyanobacterial and
higher plant homo logs) assemble to form a functional
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Mg-chelatase was provided by several laboratories
(Gibson et al., 1995; Willows et al., 1996; Jensen et
al., 1998; Grafe et al., 1999). These investigators
showed that it was possible to reconstitute Mgchelatase activity in vitro by mixing cell-free extracts
of E. coli strains independently overexpressing each
of the three proposed Mg-chelatase subunits. Based
upon these early investigations and subsequent
biochemical studies, it is now thought that Mg
chelation is catalyzed in a two step reaction (Walker
and Willows, 1997; Jensen et al., 1998; Grafe et al.,
1999). The initial step of the reaction is an ATPrequiring activation involving D and I subunits
(Gibson et al., 1995; Willows et al., 1996; Hansson
and Kannangara, 1997). Subsequently, the H subunit,
proposed to be the subunit responsible for binding
protoporphyrin IX prior to the insertion of Mg 2+,
interacts with the activated D-I complex allow for
insertion of the metal (Willows et al., 1996).
There is little functional information currently
available on the Mg-chelatase from algal sources. A
CHLJ gene homolog was recently cloned from the
raphidophyte Heterosigma carterae (Valentin et al.,
1998). Nucleotide sequences encoding the I subunit
from other sources can be found in the completed
chloroplast genome sequences from Chlorella
vulgaris [GenBank NC_001865], Euglena gracilis
[X65484], Cyanidium caldarium [AF022186],
Porphyra purpurea [U38804], Guillardia theta
[Z21976], Odontella sinensis [Z67753], and
Cyanophora paradoxa [U30821]. It is worth noting
that while all the algal genes encoding the Mgchelatase I subunit identified thus far are in the
chloroplast DNA, in higher plants this subunit is
encoded in the nucleus (Koncz et al., 1990;Nakayama
et al., 1995).As noted earlier, nuclear genes encoding
the Hand D subunits have been cloned from higher
plants (Hudson et al., 1993; Jensen et al., 1996b;
Papenbrock et al., 1997), whereas only the cDNA
encoding H has been characterized thus far from
Chlamydomonas nuclear DNA [c. reinhardtii
AF069768].
In Chlamydomonas, mutants blocked in the ability
to form Mg21-protoporphyrins have been described
(Wang et al., 1974). The mutant brc-l is unable to
form chlorophyll in the dark, but when grown in the
light, accumulates protoporphyrin IX and synthesizes
chlorophyll. In contrast, the brs-l strain cannot
synthesize chlorophyll in the light or dark. Toaccount
for these observations, Wang (1978) proposed that
two separate Mg 2+-chclation reactions occur in
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Chlamydomonas, one light-mediated and the other
operating in the dark. The brc-l mutation was
proposed to affect only the dark reaction, whereas
brs-l would lack both the light and dark activities.
Such a model predicts that mutations affecting only
the light pathway should also be found. The grc-l
strain contains such a mutation. The strain is
indistinguishable from wild type when grown in the
dark, but accumulates protoporphyrin IX in the light
(Wang, 1978). Light-grownbrc-l andgrc-l contain
less chlorophyll than wild-type cells, consistent with
the fact that the cells lack part oftheir Mg 2+ -chclating
activity.
Several other mutants have been described that
affect Mg 2+-protoporphyrin IX formation in C.
reinhardtii. These include chll (Stolbova, 1971),
which most likely represents an allele of brs-l, and
y-y (Nicholson-Guthrie and Guthrie, 1987), which
accumulates large amounts of protoporphyrin IX
and is incapable of chlorophyll formation in light or
darkness. The nuclear mutation r-l produces no
phenotype by itself, but in combination with other
mutations blocking chlorophyll formation (e.g., brc-l ,
brs-l, y-l) raises the level of the accumulated
intermediate (protoporphyrin IX or protochlorophyllide) approximately 20-fold (Wang et al., 1975).
This led to the suggestion that r-I may affect ALA
formation by reducing the sensitivity of one or more
of the C, pathway enzymes to feedback inhibition
(Wang et al., 1975; Wang, 1978).

B. Branch-Point Regulation
The chelation of metal by protoporphyrin IX is
thought to be one of the important regulatory points
controlling the flow of intermediates through the
tetrapyrrole biosynthesis pathway. At this step ofthe
pathway, protoporphyrin IX is either chelatcd with
Fe2+ to form heme, or Mg 2+ to form chlorophyll. One
model that has been proposed for control at this
branchpoint suggests that the two enzymes mediating
these reactions, ferrochelatase for Fe2 1 chelation and
Mg-chelatase for Mg 2+ insertion, are spatially
separated within the chloroplast (Matringe ct al.,
1994). In this model ferrochelatase is exclusively
located in the thylakoids, while Mg-chelatase is
exclusively associated with the chloroplast envelope.
Regulation of this type would seem unlikely since
unambiguous evidence has been reported indicating
that ferrochelatase is associated with both the
thylakoid and envelope membranes in Arabidopsis
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Mg-Protoporphyrin IX
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Protochlorophyllide
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Fig 4. The steps of chlorophyll biosynthesis between Mg-protoporphyrin IX and chlorophyllide. Shown are the major substrate
intermediates and reaction products in the formation of chlorophyllide. The four pyrrole rings (designated A to 0) are indicated.
Protochlorophyllide exists in two forms, which differ by the presence or absence of a vinyl group at C8 ofring B (shaded areas). The R
group on ring B of chlorophyllide can be either CH 2-CH3 or CH=CH 2• corresponding to monovinyl- or divinyl forms, respectively. The
reduction of protochlorophyllide to chlorophyll ide can be catalyzed by either light-dependent POR or light-independent protochlorophyllidc
reductase (LIPOR).

chloroplasts (Roper and Smith, 1997).
Alternatively, differences in substrate binding
constants for the two enzymes and/or differences in
the requirement for ATP for the two chelation
reactions (Guo et aI., 1998; Jensen et aI., 1998) could
provide the necessary discrimination among
alternative pathways. Based solely upon the
abundance of end-product, the majority of protoporphyrin IX appears to be shuttled to the Mg 2+
branch ofthc pathway during chlorophyll formation.
Consistent with this observation, Mg-che1atase
activity is low in etiolated seedlings and increases
significantly in the light (Walker and Weinstein,
1991; von Wettstein et aI., 1995). This may be the
result of altered availability of one or more of the
enzyme subunits. For example, in barley mRNA
levels encoding H subunit increased 18-20-fold upon
illumination and remained high for approximately
20 h, whereas the I transcript increased only two- to
three- fold, peaking at 6 h post- illumination and then
gradually declining to dark levels (Jensen et aI.,
1996b). Transcripts encoding the H subunit as well
as overall Mg-chelatase activity exhibited a diurnal
fluctuation. Since the H subunit is thought to be
responsible for binding protoporphyrin IX and the
M g2+ insertion step appears to be catalyzed by other
components of the enzyme complex, it is possible
that availability of this subunit may function to
regulate the flow of protoporphyrin IX through the
Mg 2+ branch of the pathway (Hudson et aI., 1993;
Gibson et aI., 1995). By comparison, ferrochelatase
mRNA was found to be induced only five-fold upon
illumination of etiolated Arabidopsis (Smith et aI.,

1994). This low level of induction matches the rather
static production of protoheme by the plastid during
this time frame (Beale and Weinstein, 1990).
In addition to controlling the flow ofintermediates,
Mg-chelatase activity may also exert some control
over earlier steps of chlorophyll biosynthesis.
Recently, Papenbrock et al (2000) reported that
transgenic Nicotiana tabacum plants constitutively
expressing ChlH antisense transcripts did not
accumulate protoporphyrin IX and exhibited lower
ALA synthesis than wild type plants. The authors
suggest that the early steps of chlorophyll synthesis
respond to the activities and metabolic flux of the
magnesium branch of tetrapyrrole synthesis and
proposed that control is mediated by altering either
the level of transcription of the genes encoding the
various enzymes inALA biosynthesis or the stability
of the RNA transcripts encoding those enzymes.

C. Mg-Protoporphyrin IX Methyltransferase
Insertion of Mg 2+ into the porphyrin ring is followed
by methylation of the 13-propionic group of Mg 2+_
protoporphyrin IX forming Mg 2+-protoporphyrin IX
monomethyl ester (Mg-PME). The enzyme Sadenosyl-L-methionine: Mg/t-protoporphyrin IX
methyltransferase (EC 2.1.1.11, PPMT) catalyzes
this reaction using SAM as the methyl donor (Fig. 4).
PPMTs have been characterized from several plants,
Euglena gracilis, and the photosynthetic bacterium
Rhodobacter sphaeroides, and have been shown to
have distinctly different kinetic mechanisms
(Richards, 1993). The PPMTs isolated from plants
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usc a ping-pong mechanism, with the SAM binding
first,followedby release ofS-adenosyl-homocysteine,
before binding of the second substrate Mg/"protoporphyrin IX. The Euglena enzyme is reported
to have a random mechanism, whereas the PPMT
isolated from R. sphaeroides has an ordered
mechanism in which the Mg"-protoporphyrin IX is
bound first.
A single gene, designated bchM, encodes PPMT
activity in both R. capsulatus and R. sphaeroides
(Bollivar et al., 1994a; Gibson and Hunter, 1994).
Based on mutational studies and biochemical analysis
of bchM disruption mutants, it was concluded that
the bchM gene product was involved in Mg-MPE
formation. However, confirmation of the exact role
of the bchM gene product in bacteriochlorophyll
formation was only obtained after it was shown that
extracts of E. coli overexpressing the R. capsulatus
bchM gene product were able to form a 14C_
radiolabeled Mg-PME product with the correct
spectroscopic properties using Mg"-protoporphyrin
IX and ' 4C-methyl-radiolabeled SAM as substrate
(Bollivar et al., 1994b). A homolog of the bacterial
PPMT gene was identified in Synechocystis strain
PCC 6803 by functional complementation ofa bchM
mutant of R. capsulatus (Smith et al., 1996). The
cyanobacterial gene, designated chlM, encodes a
PPMT that has 29% sequence identity to the R.
capsulatus enzyme, possibly reflecting the fact that
the PPMTs ofhigher plants, algae and photosynthetic
bacteria possess unique reaction mechanisms. A
tobacco PPMT eDNA has been identified and
itssequence made available (GenBank AF2l3968).
Detailed characterizations ofthe expression or activity
have yet to be published. Currently, there are no
isolated homo logs of this gene in algae.
It has recently been reported that the chlorophyll
biosynthetic intermediates Mg-protoporphyrin IX
and Mg-protoporphyrin IX monomethyl ester may
be essential for the expression of nuclear genes in C.
reinhardtii (Kropat et al., 1997). Using a combination
ofgenetic mutants and exogenously added precursors
the authors were able to determine that both Mgprotoporphyrin IX and Mg-protoporphyrin IX
monomethyl ester were required for the activation of
HSP70A and HSP70B genes. They propose that the
chloroplast synthesized chlorophyll precursors are
actively transported out of the chloroplast only in the
presence of light (Kropat et al., 2000).

III

D. Isocyclic Ring Formation
Twodifferent pathways have been recognized for the
formation of the chlorophyll isocyclic ring. One
pathway, observed in Rhodobacter species grown
anaerobically in the light utilizes a hydratasedependent mechanism that proceeds by a process
resembling f3-oxidation offatty acids. The source of
oxygen for this reaction is reported to be water
(Porra et al., 1995, 1996, 1998) with vitamin BIZ
implicated as a cofactor in the reaction (Gough et al.,
2000).
The other mechanism recognized for the formation
of the chlorophyll isocyclic ring is present in green
algae, higher plants, obligate aerobic photosynthetic
bacteria, and Rhodobacter sp. grown in the dark. The
reaction requires atmospheric oxygen for the
conversion of Mg 2+-protoporphyrin IX monomethyl
ester into Mg"- 3,8-divinylpheoporphyrin as(divinyl
protochlorophyllide) and is catalyzed by the enzyme
Mg 2+-protoporphyrin IX monomethyl ester (oxidative) cyclase (Mg-MPE cyclase) (Fig. 4). Formation
of the isocyclic ring involves at least three separate
steps in which both 13-methyl-f3-hydroxypropionate
and 13-methyl-f3-ketopropionate are reaction
intermediates in the cyclization process (Castelfranco
et al., 1994). In addition, 180z-labeling studies have
shown that the oxygen atom in ring E is derived from
atmospheric O, (Walker et al., 1989).
Much of the initial characterization of Mg-PME
cyclase activity was performed using extracts of
higher plant chloroplasts (Castelfranco et al., 1994).
More recently, the Mg-PME cyclase activity has
been examined in Chlamydomonas (Bollivar and
Beale, 1995, 1996) and Synechocystis strain PCC
6803 (Bollivar and Beale, 1996). The enzyme from
higher plants can be fractionated into two components: a soluble component with a molecular weight
of greater than 30 kDa and a labile, membranebound component (Walker et al., 1991; Castelfranco
et al., 1994). The Chlamydomonas Mg-PME cyclase
is tightly associated with the thylakoid membrane
fraction of lysed chloroplasts, and attempts to
solubilize it by physical disruption or detergent
treatment have been unsuccessful (Bollivar and Beale,
1996). In contrast, the cyanobacterial enzyme could
be separated into soluble and membrane-bound
components and like the plant enzyme its activity
could be reconstituted in vitro by combining the two
fractions. The enzymes from Chlamydomonas,
Synechocystis strain PCC 6803, and plants require
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both NADPH (or NADH) and O2 for activity.Inhibitor
studies carried out using the Chlamydomonas enzyme
indicated that the algal Mg-PME cyclase does not
require a heme or flavin cofactor for activity. This is
in contrast to what has been reported for the plant
enzyme, that was reported to require ferric heme for
activity (Whyte and Castelfranco, 1993). The algal
enzyme was found to be sensitive to Fe2+-chelators,
suggesting a possible role for non-heme iron in the
reaction. While Fe2 t -chelators were reported to inhibit
the in vitro activity of the plant Mg-PME cyclase, a
requirement of'Fe" for activity was not tested (Walker
et a1., 1991).
At the present time, no information is available on
the structure or expression of genes encoding the
Mg-PME cyclase from photosynthetic eukaryotes.
In R. capsulatus, mutagenesis studies showed that
insertional disruption of bchM and bchE resulted in
the accumulation of Mg-PME by the mutant strains
(Bollivar et a1., 1994a). The behM gene has been
shown recently to encode the PPMT activity for
bacteriochlorophyll formation (Bollivaretal., 1994b),
suggesting that bchE may encode the enzyme activity
required for isocyclic ring formation. The enzymatic
function of the 66 kDa protein encoded by behE has
yet to be determined.

E. Vinyl Reduction
In most plants, algae, and photosynthetic bacteria,
(bacterio )chlorophyll a exists as a heterogeneous
mixture of monovinyl and divinyl forms of the
molecule with the final composition ofthe chlorophyll
pool dependent upon the species, growth conditions,
and stage of development (Rebeiz et a1., 1994). The
divinyl forms of chlorophyll a (or its biosynthetic
intermediates after Mg-PME) contain vinyl groups
at the C3 and C8 positions in rings A and B,
respectively. In contrast, the monovinyl forms contain
a vinyl group in the C3positionofringA and an ethyl
group at the C8 position on ring B (Fig. 4). The exact
timing of the reduction of the 8-vinyl group and the
nature of the enzyme involved are a matter of some
debate.
Mg/t-protoporphyrin IX, Mg-PME, 3,8-divinyl
protochlorophyllidc, and 3,8-divinyl chlorophyllide
can serve as substrates for vinyl reduction (Richards,
1993; Whyte and Griffiths, 1993; Rebeiz eta1., 1994).
Whether one 8-vinyl reductase with broad specificity
or several 8-vinyl reductases are involved in the
conversion of 3,8-divinyl tetrapyrroles to 3monovinyl tetrapyrroles is not known. It is also not
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known if the recognized variability in the 3-monovinyl
and 3,8-divinyl protochlorophyllide levels in different
species reflects species-specific differences in the
distribution of putative 8-vinyl reductase activities
or results from differences in substrate and/or cofactor
availability during development.
Some insight into the function of8-vinyl reductases
and possible factors contributing to the size of the
monovinyl- and divinyl-chlorophyll pools found in
some cell types comes from studies of bacteriochlorophyll biosynthesis mutants in R. eapsulatus.
Suzuki and Bauer (1995) have shown that mutations
in the behJ locus of R. eapsulatus cause cells to
accumulate 3,8-divinyl protochlorophyllide preferentially, suggesting that behJ may encode an 8-vinyl
reductase. Cells with the behJ mutation also have
reduced total bacteriochlorophyll levels relative to
wild-type cells, with the level defined by the amount
of 3,8-divinyl Protochlorophyllide present. Strains
blocked in their ability to reduce protochlorophyllide
in a light-independent manner (e.g., behL, behN, and
bchB mutants) still accumulate a mixed pool of
3-monovinyl- and 3,8-divinyl protochlorophyllide.
However, double mutants containing defects in behJ
and either behL, behN or behB accumulate greater
amounts of3,8-divinyl protochlorophyllide. Cumulatively, these data suggest that the light-independent
protochlorophyllide reductase in R. eapsulatus may
discriminate between substrates, favoring 3-monovinyl protochlorophyllide. One cannot exclude the
possibility that a second 8-vinyl reductase is present
that uses an earlier divinyl intermediate, or that the
product of the behJ gene interacts with other factors
that condition its substrate specificity.

F. Protochlorophyllide Reduction and
Chlorophyllide Formation
Two distinct enzyme mechanisms exist for the
reduction of protochlorophyllide to chlorophyll ide.
One mechanism is completely dependent upon light
for its activity, whereas the second mechanism is
capable of operating independently of light
availability. Over the past several years there has
been considerable progress in our understanding of
both the light-dependent and light-independent
mechanisms for protochlorophyllide reduction and
this topic has been the subject of numerous reviews
(Fujita, 1996; Reinbothe and Reinbothe, 1996;
Reinbothe et a1., 1996b; Adamson et al., 1997;
Armstrong, 1998; Lebedev and Timko, 1998). Here
we will summarize the basic features of both
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mechanisms, emphasizing recent reports and what is
known about these processes in algal cells.
The light-dependent and light-independent
mechanisms for protochlorophyllide reduction are
broadly distributed across the evolutionary tree of
photosynthetic organisms. Photosynthetic bacteria
(both aerobes and anaerobes), Cyanobacteria, most
algae, and non-flowering land plants including
mosses, liverworts, and gymnosperms are capable of
chlorophyll formation in the dark and contain the
light-independent mechanism for protochlorophyllide
reduction. Among the algae, the known exceptions
are Euglena gracilis, the rhodophyte Cyanidium
caldarium, and the diatom Odontella sinensis, all of
which only produce chlorophyll in the light (Kirk
and Tilney-Bassett, 1978; Hallick etal., 1993; Schulz
and Senger, 1993; Kowallik et al., 1995). Within the
vascular plants, the only exceptions reported thus far
are the gymnosperms Ginko biloba and Larix
kaempferi, which do not green in the dark (Fujita,
1996). In contrast, photosynthetic organisms
extending from the Cyanobacteria through flowering
plants are capable of light-dependent chlorophyll
formation and contain the light-dependent protochlorphyllide reductase.
Both the light-dependent and light-independent
mechanisms of protochlorophyllide reduction
presumably share a common pool of 3-monovinyland 3,8-divinyl protochlorophyllide substrates and
give rise to indistinguishable reaction products. This,
however, remains to be unequivocally determined.
Why a large proportion of the photosynthetic world
requires the presence of two functional mechanisms
for protochlorophyllide reduction is one of the more
intriguing unresolved questions in the field.

1. Light-dependent Protochlorophyllide
Reduction
Light-dependent protochlorophyllide reduction is
catalyzed by the enzyme NADPH:protochlorophyllide oxidoreductase (EC 1.6.99.1, POR) and
involves the overall trans addition of hydrogen to
C 17 and C 18 in ring D of the protochlorophyllide
molecule, forming chlorophyllide (Fig. 4). The
enzyme is encoded in the nuclear DNA, synthesized
in the cytosol, and transported into the developing
plastid (Fujita, 1996; Reinbothe and Reinbothe, 1996;
Reinbothe et al., 1996b; Lebedev and Timko 1998).
Along with its substrate (protochlorophyllide) and
cofactor (NADPH), POR comprises the major portion
ofthe prolamellar body ofetioplasts (Griffiths, 1978;
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Apel et al., 1980; Oliver and Griffiths, 1981). Upon
illumination of the photo active POR- protochlorophyllide -NADPH ternary complex, the pro-S
hydride ofNADPH is transferred to Cl7 of PChlide
and a proton is introduced at the C 18 position of the
pigment. The origin of the C 18 proton is not known,
but is most likely derived from water or an acidic
active site residue in the protein (Valera, et al., 1987;
Begley and Young, 1989; Wilks and Timko, 1995).
The POR catalyzed reduction ofprotochlorophyllide
to chlorophyllide requires a single photon of light
energy (Griffiths et al., 1996; Townley et al., 1998)
and occurs in two steps, one photochemical and the
other non-photochemical (Lebedev and Timko, 1999).
The initial photochemical step leads to the formation
ofan unstable F682 intermediate, whereas the second
step involves the spontaneous conversion ofthe F682
intermediate into chlorophyllide. While the exact
role of light in POR catalyzed protochlorophyllide
reduction remains unclear, it has been shown that the
action spectrum for photoreduction matches the
absorption spectrum of photo transformable protochlorophyllide, indicating that the pigment itselfacts
as the photoreceptor in the mechanism (Ogawa et al.,
1973; Griffiths, 1978). Both 3-monovinyl- and 3,8divinyl protochlorophyllide are suitable substrates
for the enzyme (Griffiths 1980; Knaust et al., 1993;
Whyte and Griffiths, 1993), whereas compounds
with substituents at CI3(2) different from those
found in protochlorophyllide a are not accepted as
substrate (Griffiths 1991; Knaust et al., 1993; Whyte
and Griffiths, 1993; Schoch et al., 1995; Rudiger et
al., 1999). Metal-free derivatives of protochlorophyllide and protochlorophyllide derivatives
substituted with metals other than Zn are not suitable
substrates (Griffiths, 1980; Knaust et al., 1993).
Interestingly, both Zn- protochlorophyllide and Znprotochlorophyllide b are substrates for the enzyme,
while Mg- protochlorophyllide b is not (Schoch et
al., 1995). Despite initial reports that a flavin copurifies with POR (Walker and Griffiths, 1988) and
data suggesting that POR-catalyzed protochlorophyllide reduction involves a flavin intermediate
(Nayar and Begley, 1996), studies with purified,
bacterially-expressed POR protein have shown that
the enzyme does not contain a flavin cofactor and
that proto chlorophyll ide photoconversion takes place
in the absence of added flavin (Martin et al. 1997;
Townley ct al., 1998).
POR belongs to an extended superfamily of
NAD(P)(H)-dependent dehydrogenases/ reductases
that share many common structural and mechanistic
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properties (Baker, 1994; Labesse et aI., 1994; Wilks
and Timko, 1995). These include a highly conserved
pentapeptide, TYR-X-X-X-LYS, that forms part of
the active site domain, and a canonical nucleotidebinding domain ncar its amino-terminal end.
Flowering plants contain two or more distinct forms
of POR differing in their pattern of expression,
abundance, and activity during light-induced
development (Armstrong et aI., 1995; Holtdorfet aI.,
1995). The different forms ofPOR likely arose early
in the evolution ofvascular plants and over time their
role in photomorphogenesis was refined to its current
state (Adamson ct aI., 1997; Armstrong, 1998;
Skinner and Timko, 1999). PORA is the predominant
form of the enzyme present in etiolated tissues
(Reinbothe et aI., 1995a, 1996a). Upon illumination,
bound protochlorophyllide is reduced to chlorophyllide and PORA levels decrease dramatically.
This is a direct result ofrapid proteolytic turnover of
the enzyme in the absence of substrate (Kay and
Griffiths, 1983). The loss ofPORA is also correlated
with both a phytochrome-controlled loss of
translatable mRNA encoding it (Apel, 1981;
Mosinger et aI., 1985) and decreased rates of PORa
gene transcription (Mosinger et al., 1985; Reinbothe
et aI., 1995a, 1996a). PORB is present only in minor
amounts in the thylakoid membranes of developing
and/or mature chloroplasts and its expression appears
to be constitutive throughout development (Reinbothe et aI., 1996a). It has been proposed that PORA
functions only during the very early stages ofgreening
and is involved in two separate activities, chlorophyll
formation and protection of the cell against
photo oxidative damage. On the other hand, PORB is
thought to be responsible for the reduction of
protochlorophyllide during the later stages of
greening and for maintaining chlorophyll formation
in mature, green tissues (Lebedev et aI., 1995).
In addition to differing in their expression pattern
and abundance during light-induced development in
angiosperms, in vitro import studies performed with
radioactively-labeled PORA and PORB precursor
polypeptides (designated prePORA and prePORB,
respectively) have shown that import of the barley
prePORa, but not prePORb, is protochlorophyllidedependent (Reinbothe et aI., 1995a). The binding site
for protochlorophyllide-dependent translocation
appears to be within the transit peptide in prePORA
(Reinbothe et aI., 1995a), and therefore, is distinct
from the pigment binding site used in catalysis. As
part ofa ternary complex, both PORA and PORB are
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protected from degradation by plastid stromal
proteases (Reinbothe et aI., 1995b,c). However,
following protochlorophyllide photoreduction, both
PORa and PORb are susceptible to rapid proteolysis,
suggesting that product formation/absence of bound
substrate destabilizes the enzyme (Reinbothe et aI.,
1995b,c). The protease responsible for POR
degradation is not detected in etioplasts, but
accumulates rapidly in plastids following lighttreatment (Reinbothe et aI., 1995c).
A single gene encodes the POR activity present in
Chlamydomonas reinhardtii (Li and Timko, 1996)
and in various cyanobacteria including Synechocystis sp. PCC 6803 and Phormidium laminosum
(Rowe and Griffiths, 1995; He et aI., 1998). The
Chlamydomonas POR has approximately 65-70%
sequence identity to the PORs from higher plants
and 52-56% identity to the enzymes from Cyanobacteria (Li and Timko, 1996; Fujita, 1996). Seven
allelic mutations, mapping to a single nuclear locus
designated pe-L, were isolated and shown to cause a
complete loss oflight-dependent protochlorophyllide
reduction in C. reinhardtii (Ford et aI., 1981, 1983).
Although defective in light-dependent protochlorophyllide reduction,pc-l cells retained their capacity
for light-independent protochlorophyllide reduction
and are capable of synthesizing approximately 52%
of wild-type levels of chlorophyll in the dark and
about 36% of the wild-type chlorophyll levels in the
light. Cells containing both pc-I and one of the y
mutations (i.e., y-5, y-7) which block lightindependent protochlorophyllide reduction are
incapable offorming chlorophyll in the light or dark.
The mutation present in pc-I cells was characterized
by Li and Timko (1996) and shown to result from a
frame shift mutation in the coding region ofthe POR
gene present in this strain. Furthermore, transformation of the wild-type Por-l gene into pc-I y-7
cells was sufficient to restore PChlide photoconversion.

2. Light-Independent Protochlorophyllide
Reduction
Most algae have the ability to synthesize significant
amounts of chlorophyll in the dark because they
possess the enzymatic machinery for light-independent protochlorophyllide reduction. It is now firmly
established that light-independent protochlorophyllide reductase activity functions completely
independently ofthe POR catalyzed light-dependent
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mechanism and requires the products ofthree distinct
genes (discussed below). Apart from its substrate
requirements, only limited information is available
on the biochemistry of the process and its cofactor
requirements.
Among the earliest observation leading to the
discovery of two separate mechanisms for protochlorophyllide reduction was the identification of
genetic mutants in Chlamydomonas reinhardtii
incapable of chlorophyll formation in the dark, but
still able to synthesize chlorophyll in the light (Sager
and Palade, 1954; Sager 1955). These so-called
'yellow-in-the-dark' or y mutants accumulate the
biosynthetic precursor protochlorophyllide, suggesting that the block in chlorophyll biosynthesis in
the dark occurred at the protochlorophyllide reduction
step ofthe pathway. Since y mutants were still able to
photo convert protochlorophyllide and synthesize
chlorophyll when grown in the light, it suggested
that a separate mechanism for dark chlorophyll
formation exists in these cells that operates concurrent
to and separate from the light-dependent mechanism
for chlorophyll formation. Similar y mutants were
subsequently isolated from cultures of Chlorella,
Scenedesmus, and several other algal species.
The y mutations in Chlamydomonas and other
algae are all nuclear encoded. The y- J mutation is the
most frequently encountered of the 'yellow-in-thedark' mutations (Ford and Wang, 1982) in C. reinhardti i and a number ofalleles ofthis gene have been
identified, including y- Ja (Wang et al., 1977) and yJ-4, a genetically stable temperature-sensitive allele
(Ford and Wang, 1980b, 1982). At least seven other
y mutants not allelic with y- J have been identified
and are designated y-5 through y- J 0, spy-6 and spy200 (Ford and Wang, 1980a, b, 1982). In complementation tests, all of the heterozygous diploids
produced from crosses of these various strains have
a wild-type phenotype indicating that the mutations
are recessive and that their products can function in
trans (Ford and Wang, 1980a, b).
In addition to the various nucleary-genes, we now
know that light-independent protochlorophyllide
reduction in Chlamydomonas and other photosynthetic eukaryotes requires the products of three
chloroplast-encoded genes, designated chlL, chIN,
and chlB. Several independent lines of investigation
led to the identification of these genes and their role
in chlorophyll formation in the dark (Bauer et al.,
1993; Fujita, 1996). Insertional mutagenesis studies
using wild-type R. capsulatus cells identified three
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different genes, designated bchL, bchN, and bchB,
required for light-independent bacteriochlorophyll
formation in the bacterium. Disruption of anyone of
these genes resulted in the loss ofbacteriochlorophyll
formation and the accumulation of protochlorophyllide by the mutant cells, suggesting that the
products ofthe bchL, bchN, and bchB genes function
at the protochlorophyllide reduction step of the
bacteriochlorophyll biosynthesis pathway (Bauer et
al., 1993). Subsequently, homo logs of all three R.
capsulatus genes (bchL, bchN, and bchB) were found
in either the chromosomal DNA of anoxygenic
photosynthetic bacteria and Cyanobacteria or
chloroplast genomes of non-vascular plants,
gymnosperms, and algae capable ofdark chlorophyll
formation (Fujita, 1996). In Chlamydomonas, the
bchL, bchN, and bchB homologs have been designated
as chlL (or frxC) (Suzuki and Bauer, 1992; Huang
and Liu, 1992), chIN (or gidA) (Roitgrund and Mets,
1990; Choquet et a!., 1992) and chlB (Li et al., 1993;
Liu et al., 1993; Richard et al., 1994), respectively. A
summary of known homo logs of chlL, chIN, and
chlB in algal species can be found in Table 2. No
homologs of these genes have yet to be identified in
the plastid genomes of angiosperms or the Euglenophyta, consistent with the inability ofthese organisms
to form chlorophyll in the dark. Twoother interesting
non-algal exceptions are the gymnosperms Ginko
biloba and Larix kaempferi, which have all three
plastid genes, but do not green in the dark (Fujita,
1996).Whether the chlL, chIN, and chlB genes present
in these species are actively transcribed and encode
functional proteins has not been determined.
Recently, Fujita and Bauer (2000) provided the
first conclusive biochemical evidence that the L, N
and B proteins present in R. capsulatus combine to
form a functional light-independent protochlorophyllide reductase. These investigators overexpressed
affinity-tagged (S-tagged) BchL and BchN proteins
in R. capsulatus and purified them from bacterial cell
extracts. The BchB subunit was co-purified with the
BchN protein indicating that the BchN and BchB
proteins form a tight complex. In vitro assays in
which all three subunits were incubated in the
presence of various reductants, energy regeneration
systems, and electron donors established conditions
for reconstitution of light-independent protochlorphyllide reductase activity.These studies showed
that the minimal requirements forprotochlorophyllide
reduction in vitro are the three purified protein
subunits, a continuous supply ofATp, and inclusion
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Table 2. Distribution of genes encoding the subunits of light-independent protochlorophyllide
reductase among algal species
Species

chlL

chiN

chlB

Heterokontophyta
Odontella sinensis

no

no

no

Cyanelles
Cyanophora paradoxa

yes

yes

yes

Chlorophyta
Chlamydomonas humicola
C. moewusii
C. pitschmannii
C. reinhardtii
Chlorella vulgaris
Nephroselmis olivacea
Mesostigma viride

yes
yes
yes
yes
yes
yes
yes

NR
NR
NR
yes
yes
yes
yes

NR
NR
NR
yes
yes
yes
yes

Rhodophyta
Porphyra purpurea
Cyanidium caldarium

yes
NR

yes
yes

yes
NR

NR - no data reported for this gene. Data were compiled from Armstrong (1997), GenBank
(<http://ncbi.nlm.nih.gov>).

of the reductant dithionite. Therefore, the characteristics of the R. capsulatus light-independent
protochlorophyllide reductase in vitro appear similar
to those of nitrogenase (see below).
Direct biochemical evidence for the involvement
of the chiN, chll., and chlB gene products in lightindependent protochlorophyllide reduction in plants
and algae is not presently available. However, a
functional role for the chlL and chlB genes in lightindependent protochlorophyllide reduction in
Chlamydomonas has been shown by insertional
mutagenesis experiments in which targeted disruption
ofeither chlL or chlB resulted in the loss ofchlorophyll
formation in the dark and the accumulation of
protochlorophyllide (Suzuki and Bauer, 1992; Li et
al., 1993; Liu et al., 1993).
Experiments using several different species of
photosynthetic bacteria and algae have also
contributed to our current understanding of the
cellular localization and regulation of lightindependent protochlorophyllide reductase activity.
In Synechocystis strain PCC 630 I, light-independent
protochlorophyllide reductase activity was associated
with the plasmamembrane fraction (Pescheek et al.,
1989). In the liverwortMarchantia, the chlL-encoded
protein (CHLL) was immunolocalized to the stromal
fraction of chloroplasts (Fujita et al., 1998), whereas
the chlB-encoded protein (CHLB) was reported to be
associated with the membrane fraction in Cyanobacteria (Fuj ita et al., 1996). CHLB was also

immunolocalized to the thylakoid membranes in
synchronized C. eugametos cells, sampled early in
the dark phase of the light-dark cycle (Richard et al.,
1994). Purification of an S-tagged BchN protein
from R. capsulatus resulted in the co-purification of
both the BchN and BchB subunit suggesting they
form a complex (Fujita and Bauer, 2000). Taken
together, these data suggestthatthe light-independent
enzyme may consist of both soluble and membraneassociated components. The membrane-associated
complex is made of both CHLN and CHLB. CHLL
on the other hand is soluble and not tightly bound to
the rest of the complex suggesting that its role in the
reaction mechanism is perhaps transient.
The chiN, chll., and chlB encoded proteins (i.e.,
CHLN, CHLL, and CHLB, respectively) and their
prokaryotic homo logs share no sequence similarity
to POR. However, they show significant similarity to
the bchX, bchY, and bchZ encoded subunits of the R.
capsulatus chlorophyllide reductase, an enzyme
responsible for reduction of the chIorin ring B in
bacteriochlorophyll formation, and to the nifll, nifD
and nifK encoded subunits of nitrogenase (Fujita et
al., 1991, 1993; Burke et al., 1993), a multisubunit
enzyme that catalyzes the reduction of'N, to ammonia
(Peters et a!., 1995). The nitrogenase enzyme consists
of two separable components: a MoFe-protein with
an a z{3z structure encoded by the nifD and nifK
genes, respectively, and the Fe-protein, which is a yz
dimer encoded by the nifH gene. The Fe-protein is
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thought to be responsible for the transfer ofelectrons
to the MoFe-protein in a reaction that is coupled with
the hydrolysis of Mg 2+-ATp, whereas the MoFeprotein catalyzes the reduction of'N, directly.
CHLL and CHLB are approximately 35% and
19% identical to the nifll and nifK gene products,
respectively (Suzuki and Bauer, 1992; Li et al., 1993;
Fujita et al., 1991), whereas CHLN is approximately
19% identical to the nifD encoded protein (Fujita et
aI., 1993). CHLL is reported to chromatograph as a
homodimer and, like its nifH analog, contains four
conserved Cys residues capable of forming a single
[4Fe-4S] cluster and two conserved ATP binding
domains per homodimer (Suzuki and Bauer, 1992;
Fujita et aI., 1996). These similarities suggest that
the light-independent protochlorophyllide reductase
may function similar to nitrogenase with the CHLL
subunit serving as a specific donor of electrons to a
CHLN-CHLB component responsible for protochlorophyll ide reduction (Fujita, 1996).
Some progress has been made in understanding
how light-independent protochlorophyllide reductase
activity is regulated in C. reinhardtii (Cahoon and
Timko 2000). In wild type C. reinhardtii, CHLL is
present in small amounts in TAP medium under light
conditions of 30 ,uE m- I S-2 or higher. However the
amount of CHLL increases dramatically when the
same cells are grown at light intensities below 25
,umErrr ' S-2 or in complete darkness. In contrast, the
abundance of CHLB and CHLN remain relatively
constant regardless of light intensity. The signal
controlling CHLL abundance appears to be linked to
the energetic state of the chloroplast probably due to
a component ofthe photosynthetic electron transport
chain and/or the redox potential within the chloroplast.
When light-grown wild type cells are treated with
inhibitors of photosynthesis electron transport (e.g.,
DCMU or DBMIB), cells express CHLL as if they
had been placed in the dark. Similarly, light-grown
cells treated with CCCP which blocks chloroplast
ATPsynthesis and leads to an energy poor chloroplast
environment, also express CHLL. Interestingly,pc-l
mutants, which lack light dependent POR activity,
express CHLL constitutively and at high levels, and
its abundance is not regulated in response to light
(Cahoon and Timko unpublished data). The
differential accumulation ofCHLL within the cell in
response to light, cellular energy levels, and redox
state suggests that CHLL could be the primary
regulatory determinant oflight-independent PChlide
reduction in Chlamydomonas.
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How CHLL functions in a regulatory capacity is
not presently known. One possible model involves
the reversibleassociation ofCHLL with an oligomeric
CHLN-CHLB complex, poised for protoehlorophyllide reduction. The photoregulation of CHLL
expression and capacity of CHLL to reversibly
associated with CHLN-eHLB complexes as a control
point for light-independent chlorophyll synthesis is
supported by the observations of Fujita et al. (1996,
1998). These investigators have shown that in the
cyanobacterium Plectonema boryanum, the lightdependent and light-independent protochlorophyllide
reductase activities are inversely coordinately
regulated by light levels. Under high light intensity,
the light-dependent POR is used exclusively in
chlorophyll formation by the cyanobacterium,
whereas in the dark, the light-independent mechanism
is the sole mechanism operational. At intermediate
and low light intensities, both systems operate with
the relative contribution ofeach being determined by
the amount oflight available.
All Chlamydomonas y mutants with the exception
of y-7 fail to synthesize CHLL and in y-7 the CHLL
formed appears smaller in molecular weight than the
wild-type protein (Cahoon and Timko, 2000). Small
alterations in the levels of the CHLB and CHLN
subunits were also observed in some ofthe ymutants,
but in no case were these subunits found to be
missing. The exact role(s) of the nucleus-encodedy
gene products in the regulation of CHLL synthesis
and/or function remains to be determined. We have
previously speculated that these gene may encode
proteins required for substrate or cofactor formation,
serve as post-transcriptional regulators of CHLL
gene expression, or as post-translational modifiers
necessary to activate CHLL activity. Resolving the
function of the y gene products remains one of the
open questions for future researchers.

G. Phytylation
The final step of chlorophyll synthesis is the
esterification ofa long chain C20 polyisoprene alcohol
to the propionic acid side chain of ring D. This
reaction, referred to as phytylation, is catalyzed by
the enzyme chlorophyll a synthase (Fig. 5). The
chlorophyll a synthase reaction has been studied
extensively in vascular plants (Rudiger, 1993), plastid
membrane preparations from plants (Rudiger et aI.,
1980; Soll et aI., 1983), and more recently in
photosynthetic bacteria and Cyanobacteria (Bollivar
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Chlorophyll synthase

Chlorophyllide

p-p-O~GGPP

dihydroGG

tetrahydroGG

~Phytyl
Fig 5. The chlorophyll synthase reaction. Depicted is the pathway for the formation of chlorophyll a from monovinyl chlorophyllide a
by the esterification ofGGPP and reduction ofthe double bonds within the alcohol to form the phytol tail. The R group at C8 can be either
CH 2,CH3 or CH=CH b corresponding to monovinyl- or divinyl- forms of chlorophyllide/chlorophyll. In chlorophyll(ide) b, the CH 3 at
C7 (indicated by the star) is replaced by CHO.

et al., 1994c; Oster and Rudiger, 1997; Oster et al.,
1997). Both chlorophyllides a and b are suitable
substrates for chlorophyll synthase, whereas
protochlorophyllide is not (Helfrich and Rudiger,
1992; Rudiger, 1993). In addition, it has been shown
that both divinyl and monovinyl-chlorophyllide a
can be used as substrate in the chlorophyll synthase
reaction (Adra and Rebeiz 1998) but not pheophorbide a or chlorophyllide a' (Helfrich et al., 1994).
In higher plant etioplasts and dark-grown y-J
mutants of Chlamydomonas, chlorophyllide is
esterified initially with geranylgeraniol, followed by
the stepwise reduction of the geranylgeranyl group
to dihydrogeranylgeranyl, tetrahydrogeranylgeranyl,
and finally to phytol (hexahydrogeranylgeranyl)
(Moloney et al., 1989; Rudiger, 1993). In mature
chloroplasts, phytol pyrophosphate appears to be the
preferred substrate for the enzyme (Rudiger, 1993).
The reduction of geranylgeranyl to phytol requires
NADPH andATP (Schoch and Schafer, 1978; Schoch
et al., 1980) and occurs in the presence of O2 (Schoch
et al., 1980). While hydrogenation of GGPP occurs
in the chloroplast envelope membrane, the hydro-

genation ofgeranylgeranyl chlorophyllide most likely
takes place at the site of chlorophyllide formation,
either in the thylakoid membrane of mature
chloroplasts or the prolamellar body and prothylakoid
membrane of etioplasts (SolI et al., 1983; Rudiger,
1993).
There are currently no published reports of the
isolation of a chlorophyll synthase from algae. Genetic
analysis of pigment biosynthesis in Rhodobacter
capsulatus identified two genes that when disrupted
result in defects in esterification of chlorophyll ide
and the subsequent hydrogenation of esterified
geranylgeranyl to phytol (Bollivar et al., 1994c).
These genes, designated bchG and bchP, encode the
bacteriochlorophyll synthase and geranylgeranyl
hydrogenase, respectively. Homologs of bchG have
been isolated from Arabidopsis thaliana (Gaubier et
al., 1995; Oster and Rudiger, 1997) and Synechocystis
sp. pee 6803 (Oster et al., 1997). These genes,
designated G4 and chlG, encoding the higher plant
and cyanobacterial forms, respectively, have been
overexpressed in E. coli and their function as a
chlorophyll a synthase confirmed. Both the plant and
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cz-phytylated

I

Divinyl protochlorophyllide

j

Chlorophyll c

+-2H
+-Phytylation

CAO (Chi b)

Chlorophyll a
Fig 6. Relation ship between known chlorophyll forms and their possible biosynthetie precursors present in algae. The structures of the
major form s of chlorophylls a, b, c, and d are shown along with their biosynthetic precursors and possible pathways for their biosynthesis.
Shaded boxes indicate position s where differ ences exist between each chlorophyll type and their presum ed biosynth etic precursor.

cyanobacterial enzyme will use phytol pyrophosphate
preferentially to GGPP as substrate in the reaction,
and esterify both chlorophyllide a and chlorophyllide
b (Oster and Rudiger, 1997; Oster et al., 1997).

VIII. Biosynthesis of Chlorophyll band
Other Algal Chlorophylls
In addition to chlorophyll a, several other chlorophylls
and derivatives are found in various algal species
(Fig. 6). Generally it is thought that chlorophy lls b
and d are derived from chlorophyll a, whereas
chlorophyll c forms derive from chlorophyll
bio synthetic intermediates. Our current understanding of the distribution and origin of these
pigmen ts is presented below.

A. Chlorophyll b
Apar t from chlorophyll a, chlorop hyll b has the
greatest abundance and distribution among other
chlorophyll pigments. Chlorophyll b is found in the
Chlorophyta, Chlorarachniop hyta and Euglenophyta,
as well as in all vascular and non-vascular plants ,
where it accounts for approximately 15-25% oftotal
chlorophy ll present in the cell and it also occurs in
the prokaryotic prochlorophytes (Cha pter 3,
Partensky and Garczarek). Whi le chlorophy ll a is an
essential component of the photosynthetic reaction
centers, chlorophyll b is found only in the light
harve sting apparatus , where it serves an important
accessory role in light gathering. Chlorophyll b is
not considered an essential pigment for photosynthe sis, because cells which harbor mutations
precluding its forma tion are still photosynthetically
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active and viable (von Wettstein et aI., 1971).
Chlorophyll b differs structurally from chlorophyll
a only at the C7 position in ring B, where a formyl
group has replaced the methyl group present in
chlorophyll a (Fig. 6). This change alters its
absorbance maxima (with peaks at 645 nm, 586 nm,
and 435 nm) relative to chlorophyll a and allows it to
efficiently harvest light in the 425-475 nm range.
The mechanism for chlorophyll b formation is still
unknown. At least three different enzymatic reactions
have been proposed to be involved in its formation: a
mixed-function oxygenase with broad specificity, a
dioxygenase, or a monooxygenasc and dehydrogenase
working jointly (Porra et a1., 1993). Results from
studies of chlorophyll b formation in Chlorella
vulgaris and Zea mays suggest that chlorophyll b is
derived from chlorophyll a or an earlier biosynthetic
precursor by oxidation of the C7 methyl group most
likely using molecular oxygen (Schneegurt and Beale,
1992; Porra et a1., 1993). Ambiguity surrounding the
mechanism for chlorophyll b biosynthesis arises from
the inability of numerous in vivo and in vitro studies
to resolve whether oxidation of the ring B methyl
group occurs before of after phytylation (Beale and
Weinstein, 1990). Early in vivo studies clearly
indicated that radiolabeled chlorophyll biosynthetic
precursors (e.g., 14C-ALA) were rapidly incorporated
into chlorophyll a during greening of etiolated plant
tissues (Akoyunoglu et a1., 1967). In these tissues,
chlorophylls a and b accumulated proportionally,
with chlorophyll b being formed only after a sufficient
pool ofchlorophyll a precursors accumulated (OelzeKarow and Mohr, 1978). Light was not specifically
required for chlorophyll b formation, since etiolated
seedlings given a brief initial exposure to light
continued to form chlorophyll b in the dark. The
stimulation ofchlorophyll b formation observed upon
illumination in some plant species was thought to
reflect the fact that light was required for the continued
synthesis of chlorophyll a precursors (Oelze-Karow
and Mohr, 1978).
Genetic analysis of chlorophyll b-less mutants of
Chlamydomonas has provided strong evidence that
only a single gene product is required for its synthesis.
Analysis of 54 independently-induced chlorophyll
b-less mutants revealed that all carried allelic mutations of a single gene, designated cbnl (Chunayev et
aI., 1991). Subsequently, 13 linked (e.g., subl, sub2,
sub8) and several unlinked (e.g., sub9) nuclear suppressors of cbnl were isolated that resulted in
complete recovery of chlorophyll band neoxanthin
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formation to wild type levels (Nikulina et aI., 1997).
One mutation, designated sub9, was reported to
confer an enhanced capacity for chlorophyll b
formation, suggesting that it directly affected a
component involved in the regulation of the
chlorophyll b biosynthesis.
Recently, Tanaka et al. (1998) identified a single
gene necessary for the production of chlorophyll b
from chlorophyll a in Chlamydomonas reinhardtii.
Using insertional mutagenesis, these researchers
created a chlorophyll b deficient mutant and showed
that the site ofthc lesion was in a gene coding for an
oxygenase, now referred to as chlorophyllide a oxygenase (CAO). The Chlamydomonas gene encodes a
463 amino acid protein with a putative transit peptide
and a binding domain for a [2Fe-2S] Rieske center
and a mononuclear non-heme iron (Tanaka et aI.,
1998). The cao gene of Chlamydomonas is a member
of a family of genes highly conserved in photosynthetic organisms extending from Cyanobacteria
to flowering plants, including the chlorophyte
Dunaliella salina and two prochlorophytes (Tomitani
et aI., 1999; Espineda et a1., 1999; Oster ct aI., 2000).
Overexpression ofthe Arabidopsis thaliana cao in E.
coli and analysis of its associated enzymatic activity
showed that the plant enzyme (and presumably its
algal and cyanobacterial homologs) catalyzes an
unusual two-step oxygenase reaction in which chiorophyllide a is converted to 7'-OR-chlorophyllide a
and subsequently chlorophyllide b (Oster et aI.,2000).
The same results were obtained with Zn-pheophorbide a, but neither chlorophyll a or protochlorophyllide a were capable of serving as a substrate.
In contrast, several laboratories have reported that
chlorophyll b can be formed in vivo from 3-monovinyl
protochlorophyllide a, 3,8-divinyl protochlorophyllide a, or chlorophyllide a (Kotzabasis and
Senger, 1989; Shedbalkereta1., 1991; Riidiger, 1993).
These observations are consistent with earlier
observations by Bednarik and Hoober (1985a, b)
showing that Chlamydomonas y-I cells grown at
elevated temperatures (38°C) in the dark in the
presence of either 0- or m-phenanthrolines secreted
chlorophyllide b, the unesterified precursor of
chlorophyll b, into the surrounding medium at a rate
equal to that of total chlorophyll production in the
light. Green cells treated in the same manner excreted
3,8-diviny1chlorophyllide b, whereas cells grown at
38°C in the dark without phenanthroline treatment
excreted protochlorophyllide. The role of phenanthrolines in chlorophyllide b synthesis is not known.
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However, Hoober and his colleagues have suggested
that phenanthroline may be functioning in place of
an endogenous polyaromatic effector molecule,
possibly chlorophyll a, required by the chlorophyllide
b forming system (Bednarik and Hoober, 1985b;
Hoober et aI., 1994). Consistent with this suggestion,
plastid membrane fractions prepared from darkadapted (yellow) cells were able to catalyze the
conversion of exogenously supplied protochiorophyllide to chlorophyllide b when supplemented
with phenanthrolines (Bednarik and Hoober, 1985b).
Although the conversion of chlorophyll b to
chlorophyll a was thought to be unlikely because
reduction of the formyl group to a methyl group is a
thermodynamically difficult reaction, several articles
have appeared reporting the mutual interconversion
of chlorophylls a and b (Ito et al. 1996) and the
reduction of chlorophyll band chlorophyllide b to
chlorophyll a and chlorophyll ide a, respectively (Ito
etal., 1993, 1994, 1996; Ohtsuka et aI., 1997; Scheumann et aI., 1996, 1998). Chlorophyll b conversion
to chlorophyll a is thought to involve a 7 1-0H
chlorophyll(ide) intermediate (Ito et aI., 1996;
Ohtsuka et aI., 1997). Variations in both chlorophyll
a and chlorophyll b structure resulting from
modifications introduced at different locations within
the porphyrin ring or phytol tail have also been
observed in some species (Rebeiz et aI., 1994). At
which step during the biosynthesis of these different
chlorophyll b isoforms the variations in the porphyrin
ring and phytol tail arise and their possible functional
significance are not known.

B. Chlorophyll c
Pigments classified as chlorophyll C are mainly found
among members of the chromophyte algae (e.g.
Dinophyta, Haptophyta, Cryptophyta, and Heterokontophyta) and in some members of the Prasinophyceae (Wilhelm, 1990; Jeffrey and Vesk, 1997).
Presently, there are four forms of the pigment for
which the structure has been obtained. These are
designated chlorophyll c 1 (Doughterty et al., 1970),
c2 (Jeffrey 1969; Budikiewicz and Taraz, 1971), c 3
(Jeffrey and Wright, 1987; Vesk and Jeffrey, 1987),
and C4 (Fawley, 1989). Several other forms of the
molecule have also been proposed, but structural
confirmation of these is lacking.
At the present time little is known about the
biosynthctic origin ofthese pigments. Figure 6 shows
one proposed pathway for the biosynthesis of the
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chlorophyll c-type pigments. In this scenario,
chlorophyll c biosynthesis occurs as a branch from
chlorophyll a formation, beginning with either
protochlorophyllide or 3,8-divinyl protochlorophyllide (Beale, 1989, 1999) suggesting that they are
more closely related to protochlorophyllide than to
other chlorophylls. Origination from these intermediates is consistent with the fact that with the
exception of chlorophyll c2 (Nelson and Wakeham,
1989; Zapata and Garrido, 1997), all other
chlorophyll c forms lack a phytol tail. While 3,8
divinyl-protochlorphyllide and chlorophyll ccs-J70 have
propionic acid side chains, chlorophylls cl' c2 and c 3
have acrylic acid substituents at C 17.Additionally, it
has been reported that chlorophyll c 3 and ccs_I70 have
a 7-methylcarboxylate group (Porra et aI., 1997).
The various forms of chlorophyll c have similar
absorption maxima in diethyl ether with chlorophyll
c 1 having maxima at 628 nm, 578 nm, and 444 nm, c2
at 629 run, 582 run, and 448 nm, c3 at 626 run, 584
nm, and451 run, andc4 at 632 nm, 583 run, and 453
nm (Jeffrey and Wright, 1987; Fawley, 1989; Jeffrey
and Vesk, 1997). Clearly, additional studies on the
biosynthetic origin of these pigments and their
functional significance are needed.
C. Chlorophyll d

Chlorophyll d was first identified as a minor, green
and magnesium-containing pigment found in some
species of Rhodophyta (Manning and Strain, 1943).
It has three main absorption maxima at 696 run,
455 nm, and 400 run with its main absorption band
in the red region (see Fig. 2, Chapter 13, Larkum).
Based on its structural similarity to an oxidation
derivative of chlorophyll a and the narrow
distribution of organisms containing it, there was
initial speculation that chlorophyll d could be an
artifact due to aging or degradation of the algal
tissue or the pigment extraction process (Holt and
Morley, 1959; Holt, 1961). Although this opinion
was challenged (O'hEocha, 1971), it was not until
the discovery ofAcaryochloris marina that the natural
origin of chlorophyll d was confirmed. A. marina is
an oxygenic photosynthetic prokaryote that uses
chlorophyll d as its a primary photosynthetic pigment
(Miyashita et aI., 1996, 1997; Chapter 3 Partensky
and Garczarek). Chlorophyll d comprises 80% of
the lipid soluble pigments from this organism and
its chlorophyll a/chlorophyll d ratio ranges only
from 0.027 to 0.092.
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The biosynthesis and regulation of chlorophyll d
production is not understood. Two hypotheses have
been put forth. Beale (1999) has suggested that
chlorophyll d may be derived from chlorophyll a by
hydration of the vinyl double bond of the A ring
followed by oxidative cleavage. The second
hypothesis proposes that chlorophyll d mayan
evolutionary intermediate between bacteriochlorophyll and chlorophyll a (Blankenship and Hartman,
1998). There is currently no data to firmly reject
either of these hypotheses. It will be interesting to
see the development of chlorophyll d deficient
mutants and the subsequent cloning ofgenes involved
in its production to see which of these opposing
hypotheses stands.
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Summary
Photo systems I and II are remarkable membrane-bound pigment-protein complexes that together produce
NADPH, oxidize water and energize the thylakoid membrane, all using light energy. The polypeptides provide
an environment in the membrane in which cofactors are placed at optimum distance and orientation, ensuring
a rapid efficient trapping and conversion oflight energy. The polypeptide core modifies the redox potentials of
cofactors to provide fast forward electron transfer and to minimize recombination. The electron transfer
pathways use a variety of both common and unusual cofactors. This chapter sets out some of the current ideas
and data on the cofactors and polypeptides of photosystems I and II with special emphasis on research in algae
and cyanobacteria.
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I. Introduction
The objective of this chapter is to overview our
current knowledge of the structure and function of
Photosystem I (PS I) and Photo system II (PS II).
These two reaction center complexes are responsible
for the initial steps in the conversion of light energy
into biochemical products by oxygenic photosynthetic
organisms. Two outstanding properties of these
complexes are the use ofwater by PS II as a terminal
electron donor thereby producing molecular oxygen
and protons, and the direct reduction of NADP by
PS I. The review will concentrate on the recent work
on these complexes. We refer the reader to the books
(Hall and Rao, 1999; Ke, 2001) and reviews referenced to find many of the original papers and details
of techniques used.

II. Overview of Photosystems I and II
PS I and PS II consist of membrane-bound pigmentprotein complexes. They can each be divided into
two parts, the light harvesting complex (LHC)
(Chapters 4 (Durnford) and 13 (Larkum)) and the
core complex. The light harvesting complex binds
light-absorbing pigments. The most important pigments in oxygenic photosynthesis are chlorophyll
(Chi) and carotenoids. In cyanobacteria and red algae,
phycobilins are also important pigments in the LHC
(Chapter 14, Toole andAlnutt). The core complex is
responsible for the photochemical reaction and forward electron transfer. It contains some light
harvesting pigment, usually Chi a, but also binds the
electron transfer cofactors.
In PS I and PS II, the absorption of a photon by
antenna pigments in the LHC is followed by the rapid
transfer of excitation energy to the reaction center,
where a photochemical charge separation occurs.
Abbreviations: Ao- PS 1chlorophyll electron acceptor; Al - PS 1
phylloquinone electron acceptor; Chi - chlorophyll; Cyt cytochrome; Em - midpoint redox potential; Em? - midpoint redox
potential at pH 7; EPR - electron paramagnetic resonance; Fdferredoxin; Fe-S - iron-sulfur center; kOa - kilodalton; LHClight harvesting complex; mV - millivolt; NAOP - nicotinamide
adenine dinucleotide phosphate; P680 - PS II primary electron
donor; P700 - PS I primary electron donor; PC - plastocyanin;
Pheo 1- PS II pheophytin electron acceptor 1;PS 1- Photosystem 1;
PS II - Photo system II; Q A - the first PS II plastoquinone electron
acceptor; QR - the second PS II plastoquinone electron acceptor;
WOC -- water oxidizing complex; YD- tyrosine 02 161 (YD'
when oxidized); Yz - tyrosine 0 I 161 (Yz' when oxidized)

This initial event must be stabilized by a further
separation of the charges using an electron transfer
chain. It is the optimized organization of the light
harvesting pigment-protein and the cofactors in the
reaction center which allows high photon trapping
efficiency and limits loss of energy by other singlet
relaxation mechanisms. The LHC also allows the
system to cope with a wide variety oflight intensities
and wavelengths, thereby increasing the overall
efficiency. The essential step for energy trapping is
the light driven charge separation between the primary
donor (P) and the primary acceptor. In both PS I and
PS II, the primary donors are Chi molecules, On
excitation by light energy, P becomes a powerful
reactant (P*) and interacts with the primary acceptor
resulting in the primary electron transfer event. The
reaction center Chi of PS II, termed P680 due to its
bleaching near 680 nm, is photo-oxidized and the
electron transferred to the membrane pool of
plastoquinone. P680 is re-reduced by the water
oxidizing complex (WOC) resulting in oxygen
evolution. PS II can therefore be termed a waterplastoquinone oxidoreductase. Analogous events with
similar rates of forward electron transfer occur in
PS I, the net result being the reduction via ferredoxin
(Fd) or flavodoxin of NADP and oxidation of
plastocyanin (PC) or cytochrome (Cyt) c by the
reaction center Chi, P700.
The initial part of each electron transfer chain is
specifically bound to the core complex and allows
fast activationless electron transfer. Following this,
mobile electron carriers allow protonation reactions
and transfer of reductant out of the reaction center
complex. PS I and PS II are linked by the Cyt b.f
complex, which is a membrane-bound protein
complex containing cytochromes and a Rieske ironsulfur center (Chapter 35 in Ke, 2001). The Cyt b.f
complex catalyzes the oxidation of piastoquino1and
the reduction ofpIastocyan in or Cyt c. This complex
is also involved in cyclic electron flow around PS I
(Bendall and Manasse, 1995).
An important feature ofthe electron transfer chain
is the organization of cofactors to produce vectorial
electron transfer across the membrane. Linked to
proton transfer, this generates an electrochemical
potential across the membrane, which drives processes such as ATP synthesis (Chapter 36 in Ke, 200 I).
Turnover of PS I and PS II is regulated to prevent
imbalances in light energy transfer and electron flow.
PS II possesses several photo protection mechanisms
designed to protect it from the harmful effects of
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light which cause photoinhibition (Aro et al., 1993;
Barber, 1998; Frank et al., 1999). These mechanisms
dissipate excess excitation energy, minimizing
photodamage (Stewart and Brudvig, 1998; Li et al.,
2000). PS I is not as vulnerable, probably due to the
Icss oxidizing electron donor pathway and protection
ofthe electron acceptors from reaction with oxygen.
However PS I is involved in a protective oxygen
cycle (Asada, 1999; Chapter 8, Beardall and Quigg;
Chapter 9, Miyake and Asada).
III. Mutagenesis and Genetic Engineering
of the Photosystems
The primary reasons for using algal systems for the
study of PS I and PS II are the simplicity of the
system (unicellular cultures containing only one celltype), the speed and ease ofculture, and the possibility
of dissecting photosystem biogenesis and function
through the analysis of mutants. Of all the various
algal species that have been used as experimental
systems, only a few can truly dispense with
photosynthetic function. Two such species that have
become pre-eminent as model systems for moleculargenetic studies are the cyanobacteriumSynechocystis
6803 and the unicellular chlorophyte alga Chlamydomonas reinhardtii. Both are able to dispense with
photosynthetic function and to utilize an exogenous
carbon source for heterotrophic growth, thereby
allowing the generation of viable photosynthetic
mutants (Vermaas, 1996; Davies and Grossman,
1998; Dent et al., 200 I). For a detailed discussion of
the cyanobacterial system, see Bryant (1994), and
for the Chlamydomonas system, see Rochaix et al.
(1998) and Chapter 5 (Rochaix). Mutant clones are
generated using simple strategies in which large
numbers ofcells are treated with chemical mutagens
or irradiation, plated on solid media containing the
carbon source and allowed to grow in dim light or
darkness. The resulting colonies are screened for
non-photosynthetic mutants either by replica-plating
onto medium lacking the carbon source, or by colony
fluorescence analysis. In this second method, changes
in the steady-state level of chlorophyll fluorescence
can be used to identify mutants, and fluorescence
emission kinetics following dark adaptation can be
used to classify mutants according to the photosynthetic complex affected (Bennoun and Beal,
1997). The analysis of such mutants provided
important early insights into the organization and
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functioning of the photosynthetic apparatus.
A large number ofChlamydomonas mutants affecting either PS I or PS II were isolated in the 1960s
and 1970s and many are extant; being maintained at
the Chlamydomonas Genetics Center or in individual
laboratory collections (Rochaix et al., 1998). These
strains harbor mutations affecting all aspects of the
biogenesis and functioning of PS I and PS II. For
example: (i) lesion in genes for structural components
of the two photosystems; (ii) trans-acting factors
required for expression of individual psa and psb
genes in the chloroplast genome; (iii) factors required
for synthesis and insertion ofpigments, redox centers
and other co-factors, and (iv) ancillary proteins that
mediate the correct assembly of the photosystems.
Interestingly, a failure in the biogenesis of one ofthe
photosynthetic complexes does not affect per se the
accumulation of the other complexes, although the
increased light sensitivity of these photosynthetic
mutants does affect their viability when cultured
under high light. Since algae (and cyanobacteria) are
able to synthesize chlorophyll in the dark, then wildtype levels of PS II will accumulate in mutants that
fail to assemble any PS I, and vice versa. Furthermore,
the creation ofmultiple Chlamydomonas mutants by
sexual crosses can result in thylakoid membranes
lacking several of the photosynthetic complexes.
This 'genetic purification' ofthe thylakoid membrane
has proved useful both for the biophysical analysis of
PS I or PS II in vivo without the interference of the
other complexes (e.g. Evans et al., 1995) and in the
purification of the photosystems (Alizadeh et al.,
1995). Classical genetic analysis ofChlamydomonas
mutants can be used to determine the site of the
lesion since mutations in the haploid nuclear genome
are inherited according to Mendelian rules and those
in the chloroplast genome are inherited only from the
mating-type plus parent. Further genetic analysis of
nuclear mutations can provide information as to their
location on the genetic map, whether they are
dominant or recessive, and whether two mutations
are allelic or reside in separate genes (Harris, 1989).
The more recent advent of 'reverse-genetic'
techniques for various cyanobacteria, including
Synechocystis 6803 and for Chlamydomonas now
makes possible the targeted mutagenesis of the
photosystems. As shown in the sections below, the
ability to eliminate specific subunits or to change key
residues has led to dramatic progress in our
understanding of the complexes. Consequently, the
last ten years have witnessed a significant increase in
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the number of photosynthesis laboratories adopting
Synechocystis or Chlamydomonas as their model
system, and the creation of numerous collaborative
links between biophysicists, protein chemists and
molecular biologists.
Synechocystis 6803 represents a particularly
powerful system for molecular-genetic studies ofthe
photosystems for four principle reasons (reviewed
by Vermaas, 1996). Firstly, the organism is able to
dispense with PS 11 activity when grown on a glucosecontaining medium in the light and with PS I activity
when grown on glucose in darkness, save for a brief
light-exposure every 24 hours. Secondly, the cyanobacterium is naturally transformable-taking up
DNA from the surroundings and integrating it into
their genome via homologous recombination. Thirdly,
various antibiotic resistance markers have been
developed for selection oftransform ants. The markers
can be used as insertional mutagens to disrupt/delete
endogenous genes, or to replace the genes with sitedirected variants. Fourthly, and perhaps most importantly, the complete sequence of the Synechocystis
genome has been determined (Kaneko and Tabata,
1997), thereby providing a complete inventory of all
3,168 protein coding genes [see http://www.kazusa.
or.jp/cyano/] and the ability to obtain any gene simply
by amplification from genomic DNA using the
polymerase chain reaction. A survey ofthe literature
reveals that virtually all of the psa and psb genes
identified in Synechocystis have now been disrupted!
deleted and the resulting phenotype assessed. This
work has provided important clues as to the roles of
the various subunits (Table 1 and 2 below), although
it should be noted that the creation and analysis of
such mutants could be complicated by three factors.
The first is the presence of multiple copies of some
genes within the cyanobacterial genome (e.g. three
copies of psbA and two of psaK), necessitating the
disruption of each copy. Secondly, some genes are
co-expressed as a single transcriptional unit (e.g.
psaF and psaf) such that disruption of one gene can
have a polar effect on the expression of others within
that transcriptional unit. Thirdly, the Synechocystis
genome is present in approximately ten copies within
the cell. It is therefore important to ensure that
selective conditions are maintained for sufficient
generations so that a homoplasmic state is reached in
which all genome copies carry the mutation.
The analysis of the PS I and PS 11 core complexes
either by protein modeling or crystallographic studies
has indicated functionally important residues such

as those providing ligands to the redox components.
The involvement of these residues can be examined
through site-directed mutagenesis ofthe cloned gene
and its introduction into the host cell. The creation of
such designer mutants is achieved readily in Synechocystis using one of two strategies (Vermaas, 1996).
In the first approach, the mutated gene is introduced
into the cyanobacterial genome under heterotrophic
growth conditions using an antibiotic-resistance gene
as the selectable marker. Selection is therefore based
on the integration of the resistance gene, and transformants are screened for those also harboring the
site-directed change in the photosynthetic gene. In
this strategy, no assumption is made regarding the
phenotypic effect ofthe mutation, and both functional
and non-functional changes to the photosystems can
be made. Alternatively, a direct selection for
phototrophic growth can be used to identify mutations
that still allow assembly or functioning of the complexes. In this case, the recipient strain is a nonphotosynthetic mutant in which the target gene has
been deleted. Transformation with site-directed
variants of the gene and selection for phototrophic
growth (or photoheterotrophic growth under lightlevels that inhibit growth ofthe mutant) results in the
recovery of functional mutants. The high efficiency
with which Synechocystis incorporates exogenous
DNA into its genome has allowed more elaborate
mutagenesis strategies in which libraries ofmutations
within a short region ofthe target gene are introduced
into the null mutant and functional transformants
selected. An early example of this 'combinatorial
mutagenesis' approach is the analysis by Kless and
Vermaas (1995) of mutations within a highly conserved four residue sequence within the QB binding
niche ofPS II. A large number offunctional mutants
were obtained that displayed variations in the
equilibrium of electron transfer to Qw
Reverse-genetic studies of the eukaryotic photosystems are complicated by the obligate phototrophy
ofmost photosynthetic eukaryotes and the difficulties
of manipulating nuclear and chloroplast genes.
Transformation of the chloroplast genome was
considered particularly challenging because of the
need to deliver cloned DNA across the cell wall, the
cell membrane and the membranes of the organelle.
However,the breakthrough came in 1988 when Boynton et al. (1988) used microprojectile bombardment
to deliver DNA into the chloroplast of Chlamydomonas. In the initial experiments, a non-photosynthetic mutant carrying a deletion in the atpB gene
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Table 1. Photosystem II genes in cyanobacteria and algae
Gene / Subunit

Genome

Where found

psbA / PSJ[-A
psbB IPSll-B
psbC / PSII-C
psbD / PSII-D
psbE / PSll-E
psbF / PSII-F
psbll/ PSII-H
psb1/ PSll-l
psbJ / PSll-J
psbK / PSll-K
psbL / PSIl-L
psbM / PSIl-M
psbN / PSII-N
psbO / PSII-O
psbP / PSII-P
psbQ / PSII-Q
psbR / PSII-R
psbS / PSII-S
psbTl/ PSII-Tc
psbT2/ PSII-Tn
psbU / PSII-U

P

all
all

38 TM5

DI

56TM6

CP47
CP43

P

Protein Size"

Common Name

P

all

51 TM6

P

all

39TM5

D2

P

all

9TMI

P

all

5TMI

Cyt b559a
Cyt b559{:l

P

all
all

9TMl
4TMI

all

4TMI

P
P
P

all

5TMI

P

all

4TMI

P

all

4TMI

P
N

all
all

5TMI
25 L

N

green algae

20L

N

green algae

17L

10 kDa phosphoprotein

OEEI,33kDa
OEE2,23kDa
OEE3,16kDa

N

green algae

10

N

green algae

22TM4

P

all
green algae

4TMI

N

Cyanobacteria and
non-green algae

12 L

psbV / PSII-V

P

Cyanobacteria and
non-green algae

15 L

psbWl/ PSII-W
psb W2 / PSI\-?
psbX / PSII-X
psbY / PSII-Y

N

green algae
non-green algae

6TMI

all

4TMI

Na

all

5TMI
5TMI

ycf32

psbZ/ PSII-Z

P

all

6.5 TM2

yef9

N

P
N

yet'S

3L

Cyt c550

13

Table shows the gene, gene location (P = plastid/chloroplast, N = nuclear) in eukaryotes, the groups
that have the gene, mature protein size in kDa and common name. TM = number of predicted
transmembrane spans. L = located in thylakoid lumen. Proteins are termed either PsbA or PSll-A etc
but many have a common name that is usually used. Results for non-green algae arc based on
Porphyra purpurea (red alga), Odontella sinensis (diatom), Cyanophora paradoxa (cyanelle,
Glaucocystophyte) and Cyanidium caldarium (red alga). Red algae (but not cyanobacteria) contain
an additional20kDa component ofPS II. Two distinct components have each been termed psbT and
psbW. a psbY gives only one protein product in cyanobacteria and non-green algae, where it is
plastid encoded. psbY gives rise to two mature polypeptides in green algae such as Chlamydomonas
and is nuclear encoded.

was rescued to phototrophy by transformation with
the cloned atpB gene. Integration of the DNA into
the chloroplast genome was found to occur via
homologous recombination, thereby opening up the
possibility of targeted mutagenesis of chloroplast
genes in the same way as Synechocystis genes. The
subsequent development of several antibiotic
resistance markers and improvements in the
microprojectile bombardment technology has made
the manipulation ofthe psa and psb genes within the

Chlamydomonas chloroplast rapid and routine
(Rochaix, 1997). Knockout mutants have now been
generated for all these genes, together with a large
collection ofsite-directed mutants. Interestingly, the
observed phenotype for some of the mutants differs
from that seen in the corresponding Synechocystis
mutant. For example, disruption ofpsbH results in a
PSII-deficient phenotype in Chlamydomonas but not
in Synechocystis (O'Connor et al., 1998). Such
comparisons allow important insights into the
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Table 2. Photosystem I subunits in cyanobacteria and algae
Gene/subunit

Found in
which algal
groups?'

Genome
location in
eukaryotes''

Protein Size
(kDaj<
/topology"

Function?

psaAIPSI-A

all

P

84/TMII

Binds antenna chlorophylls
and core redox components

psaB/PSI-B

all

P

83/TM11

Binds antenna ehlorophylls
and core redox components

psaC/PSI-C

all

P

9/extrinsic on
stromal side

Binds FA and F B

psaD/PSI-D

all

N

18/ extrinsic on
stromal side

Interacts with PSI-C and
PSI-E. Required for
ferredoxin binding

psaE/PSI-E

all

N

10/ extrinsic on
stromal side

Interacts with PSI-D.
Required for cyclic electron
flow

psaF/PSI-F

all

N

17/TMI

Mediates fast electron transfer
to P700 I in eukaryotes

psaG/PSI-G

Only green algae

N

IO/TM2

Binds LHCI

psaHiPSI-H

Only green algae

N

lO/extrinsic on
stromal side

Binds LHCII
Required for state transitions

psaI/PSI-I

all

pf

4/TMI

Trimer formation in
cyanobacteria

psaJ/PSI-J

all

P

5/TMI

Stabilizes and maintains
correct conformation ofPSI-F

psaKIPSI-K

all

N

8/TMI

Stabilizes LHCI interaction in
eukaryotes

psaLiPSI-L

all

N

18/TM2

Trimer formation in
cyanobacteria

psaM/PSI-M

all

P

4/TMI

Unknown

psaN/PSI-N

Only green algae

N

9/extrinsie on
lumenal side

Interacts with PSI-F
Required for fast electron
transfer to P700+

psaO/PSI-O

Only green algae

N

psaXiPSI-X

Only cyano

9/TM2

unknown

6/TMI

unknown

'The subunits PSI-G, H, Nand 0 have been identified only inPhotosystem I from ehlorophytes (i.e. green algae and plants).
"Genes are located in the plastid (P) or nuclear (N) genome. Genes for PSI-D, -E, -F, -K and -L are plastid encoded in some
non-green algae. C Deduced from gene sequence. d For core proteins, the number ofpredicted trans-membranes (TM) spans
is shown. e See Sheller et al. (200 I) and Xu et al. (200 I) for a detailed discussion of each subunit. fPsaI is nuclear-encoded
in some green algae such as Chlamydomonas.

differences between the prokaryotic and eukaryotic
photo systems.
Studies involving the genetic manipulation of the
nuclear-encoded components of the photosystems
are still in their infancy, principally because of the
lack of a method for targeted mutagenesis ofnuclear
genes either in Chlamydomonas or in higher plants.
In both cases, the integration of transforming DNA
into the nuclear genome is essentially random, and
therefore it is not possible to specifically disrupt or
modify nuclear genes. In plants it is possible to use

antisense or co-suppression methods to down-regulate
the expression of an individual gene, and thereby
gain insight into the role of the gene product. For
example, Scheller and colleagues have generated
and characterized Arabidopsis (a higher plant) lines
lacking either PSI-H or PSI-N (Haldrup et aI., 1999;
Naver et aI., 1999). Unfortunately, routine antisense
or co-suppression strategies are not yet available for
Chlamydomonas, although a recent report by
Fuhrmann et al. (2001) suggests that RNA interference can be used as a technique to down-regulate
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the expression of Chlamydomonas nuclear genes.
An alternative approach to investigating the nuclearencoded subunits is to screen a large number oflines,
following insertional mutagenesis, for those
displaying altered chlorophyll fluorescence. These
lines are then characterized further by molecular
analysis to identify mutants in which a nuclear psa or
psb gene has been disrupted. Several such mutants
have been described including Chlamydomonas
mutants lacking PSII-O (Mayfield et al., 1989) and
PSI-F (Farah et al., 1995), and an Arabidopsis mutant
lacking PSI-EI (Varotto et al., 2000). These mutants
are particularly valuable since they provide a null
background for the re-introduction of modified
versions of the disrupted gene, thereby allowing
detailed structure-function studies of the gene
product. For example, the Chlamydomonas PSI-F
mutant has been used by Hippler et al. (1998b) to
determine the role ofthe N-terminal region ofPSI-F
in mediating fast electron transfer from plastoeyanin
and cytochrome c6 to PS I in eukaryotes. This work
has lead to important insights into the differences
between prokaryotic and eukaryotic PS I. What is
required now is a complete set of Chlamydomonas
insertional mutants lacking each of the nuclear psa
and psb genes. This would lead to a fuller
understanding of the function ofthese subunits within
the eukaryotic photosystems.
IV. Photosystem II Function

The proteins and cofactors of'the PS II complex have
been intensively investigated in many species of
oxygenic organisms (Nugent, 1996; Erickson, 1998;
Olive and Wollman, 1998; Ruffle and Sayre, 1998;
Wollman et al., 1999). Water oxidation is one of the
more labile properties of isolated PS II. Preparations
retaining high rates ofactivity from the model systems
of cyanobacteria (Synechocystis 6803 and Synechococcus) and algae (c. reinhardtiii (Hippler et al.,
1998a) are now available. In both PS I and PS II, a
variety of preparations can be made using detergent
treatments to strip polypeptides from the complex.
Extrinsic proteins can be selectively removed by
high ionic strength treatments. A particularly important recent development has been the histidine tagging
of PS II polypeptides by modification of the gene
(PSII-B, PSII-C, PSII-D and PSII-H (Bricker et al.,
1998b; Sugiura et al., 1998; Sugiura and Inoue,
2000)). This enables a more selective and rapid
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purification of PS II, especially useful in cyanobacterial and algal species, by using a metal affinity
column technique where the PS II is bound by the
histidine tag.
The PS II complex contains >20 polypeptides
(Table 1) (Barber et al., 1997; Takahashi, 1998). It
consists of an outer LHC of Chi alb binding proteins
plus an inner antenna of membrane-bound Chi a
binding proteins termed CP47 and CP43. This inner
antenna is tightly associated with the membrane
proteins, Dl, D2 and Cyt b 559, which bind electron
transfer components.
The reactions occurring in the PS II reaction center
are very similar in both prokaroytic and eukaryotic
PS II (Figs. 1 and 2) (For a review on the function of
PS II, see Diner and Babcock, 1996; and on the
structural models of PS II, see Xiong et al., 1998).
The energy ofa singlet exciton at 680 nm is -1.83 eV,
which provides the driving force for electron flow.
The initial charge separation is from P680 to a
pheophytin termed I (Pheo I). From Pheo I, the
electron is transferred to QAand then QIl' which are
both plastoquinones. QIl accepts two electrons and
takes up two protons from the cytoplasmic (stromal)
side of the membrane.
Oxidized P680 is reduced by electrons from the
wac via Yz (tyrosine D1 161) releasing protons on
the lumenal side of the membrane. Yo (tyrosine D2
161), Cyt b5S9 and Chi Z are alternative electron
donors used to oxidize P680 when Yz or the wac are
unavailable. As water oxidation to oxygen is a four
electron process, the wac passes through several
states, termed S-states (SO-S4)' during turnover. Cyt
b 559 can also be photoreduced suggesting that a cyclic
pathway around PS II could operate perhaps involving
Chi Z. Bicarbonate acts as a cofactor in PS II,
probably binding to the non-heme iron. Bicarbonate
could have a role both in facilitating electron transfer
and in the protonation pathway to QIl'
In the following sections, electron transfer
components from P680 to QB then Cyt b 5S9 and Chi Z
are discussed, followed by sections covering electron
transfer to P680 and water oxidation.
A. The Primary Donor P680

P680'/P680 has the highly oxidizing Em (midpoint
redox potential) of about +1170 mV, compared to
about +830 mV for Chi a in vitro. This high oxidation
potential allows the sequential removal of electrons
from the wac. The primary charge separation takes

Jonathan H. A. Nugent, Saul Purton and Michael C. W. Evans

140
mV

P680*
- 500

-:

o

0
/
2

500

1000

+
Fig. 1. Diagram showing the main cofactors ofPS II, the pathway ofelectrons through the reaction center and the probable redox potential
relationship between the cofactors. Electron flow occurs from water to Qll. Absorption oflight energy (hv) orexcitons by P680, producing
P680', leads to a photochemical charge separation between P680 and Pheo 1. Water donates electrons to P680+ via Yz (D I Tyr 161). The
water oxidizing complex (WaC) involves Mn, plus possibly Ca++ and CI- cofactors, oxygen evolution requiring four turnovers of the
reaction center. A non-heme iron (Fe) is located between QA and Q B and bicarbonate (HC0 3) also binds in this region. Q ll picks up two
electrons and two protons, transferring these to the membrane plastoquinone pool (PQ). Key: P680, the primary chlorophyll electron
donor; P680*, excited state of P680; Phco, pheophytin electron acceptor I; Q A and Qll' primary and secondary plastoquinones.
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Fig. 2. Diagram showing the main kinetics of the main pathway of electrons through the PS II reaction center. YD (D2 Tyrl61),
Chlorophyll Z (Chi Z) and Cytochrome bss9 (b 559) are alternate electron donors under certain conditions. See also Figure I.

place in a few picoseconds, while the recombination
of the radical pair occurs in a few nanoseconds (van
Brederode and van Grondelle, 1999; Dekker and van
Grondelle, 2000, and references therein).
The sequence similarity between the core
polypeptides ofPS II and those ofthe purple bacterial
reaction center, added to the stoichiometry of PS II
reaction center core pigments (6 ChI a /2 Pheo a /2

f3-carotene)suggests a 'purple bacterial' arrangement
of chromophores with P680 as the central ChI a
dimer. However, experimental data indicates that the
nature of P680 depends on which state, the ground
state, P680, excited state, P680', triplet state, P68QT
or radical cation, P680+,is studied. The data points to
P680 being a weakly interacting Chi a multimer
(Durrant et a1., 1995). The reduced coupling and
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increased monomeric chlorophyll characteristics may
be important in achieving the high redox potential
for P680- for which at present there is no obvious
explanation.

B. The Primary Acceptor Pheophytin, Pheo I
Of the two Pheo a molecules bound to the PS II
reaction center, only Pheo I is involved in primary
charge separation, indicating an asymmetry which
favors one branch of cofactors ('active branch') as in
the purple bacterial reaction center. The Em ofPheo II
Pheo 1- in PS II is <~450 m V. Pheo I appears to be
bound by a hydrogen bond to a glutamate DIE 130 in
many oxygenic organisms but a glutamine D 1 Q 130
is found at this position in some cyanobacteria, such
as Anabaena and Synechococcus. The cyanobacterium Synechococcus PCC7942 has two forms
ofD 1, one expressed under high light and one under
low light conditions (Campbell et al., 1998a). One of
the ~25 amino acid changes between the forms is
from Dl Ql30 in the low-light form to Dl E130 in
the high light form. A D I Q 130E mutant in
Synechocystis 6803 caused differences in the quantum
yield ofisolated reaction centers (Merry et al., 1998).

C. The Electron Acceptor Complex 0A' OS and
the Non-Heme Iron
QA is reduced by Pheo 1-,200- 300 ps after the initial
charge separation. Redox titrations determined the
Em at pH 7.0 (Em)) of the QA/QA couple to be around
omV in PS II. However, Q Amay function at its pK.
and has a working redox potential of approximately
-100 m V. The redox potential of'Q; is sensitive to the
integrity of the PS II complex (Krieger at al., 1995).
QA transfers an electron to the secondary quinone
QB' which is a two electron carrier. In the doubly
reduced protonated form, Q HH2 dissociates from PS
II and is replaced by a dehydroplastoquinonol. Q A
and Q B are identical plastoquinones, so their
properties result from differences in their protein
environments. These differences may be a major
factor in imposing the asymmetry in the pathway of
electron transfer from P680. The rate of electron
transfer from QA depends on the reduction state of
QB (Fig. 2). A value of 100-200 f.1S is observed for the
first reduction but this is increased to 300-500 f.1S for
the reduction of the semiquinone to the quinol.
The Em) ofthe non-heme iron Fe2+IFe3+ couple was
determined to be +400 mV with a pH dependence of
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60 mV per pH unit from pH 6-8.5, indicating that
reduction is associated with proton binding. In native
PS II the non-heme iron only modulates normal
electron flow, as QA to Q Belectron transfer is not
prevented, but is slowed, by removal of the iron. In
purple bacteria, protons arrive in the QIJ binding site
through a chain of protonatable side chains and
bound water molecules (Stowell et al., 1997). In
PS II, a comparable but distinct proton transfer system
should exist, which includes bound bicarbonate.
Bicarbonate may therefore have a dual role in PS II,
in the reduction/protonation ofQIJ and as a non-heme
iron ligand. Of the amino acids in this region D 1
S264 and H252 are probably involved.
The Q B binding site is known to be the site of
action for several classes of herbicide [triazine, urea
and phenolic], which act by blocking electron transfer
beyond QA' The herbicides arc thought to act by
competing with QB' Q B or Q BH 2 for the binding
pocket, but some may have additional effects by
interfering with bicarbonate binding. Electron transfer
between Q Aand Q Bis also inhibited by some anions
that are thought to displace bicarbonate. (for review
of bicarbonate in PS II see van Rensen et al., 1999).

D. Cytochrome b SS9
Cyt b559 is present in the core ofthe PS II complex. It
has a number of redox forms (+50 to +350 mY)
depending on the PS II preparation used. Cyt b559 is
thought to be involved in cyclic electron flow around
PS II, because it has been shown to be both
photo oxidized by P68W and photoreduced by plastoquinol. This may form part of the PS II defence
against photoinhibition and/or oxygen radicals (Cyt
b 559 is reviewed in Whitmarsh and Pakrasi, 1996, and
in Stewart and Brudvig, 1998).

E. Chlorophyll Z and Carotenoid Oxidation
Brudvig and co-workers suggested that Cyt b559 oxidation by P680+ occurred via a chlorophyll termed
Chi Z (Koulougliotis et al., 1994). Their model proposed that the Cyt b 559 reduces Chi Z' and accepts
electrons from reduced plastoquinone in a cyclic
flow. Chi Z is probably one of the two peripheral
chlorophylls bound to D2 Hl17 or D1 Hl17
(Synechocystis numbering) and these chlorophylls
are thought to have roles in efficient linear electron
transfer, light harvesting, and protection from photoinhibition. (Ruffle et al., 1982; Lince and Vermaas,
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1998; Ruffle et a1., 2001). There appears to be a
difference in roles between cyanobacterial and algal
PS 11: the study ofSynechocystis mutants has indicated
that D2 H 117 is involved in excitation energy transfer
to the reaction center (Lince and Vermaas, 1998)
whereas a recent study in Chlamydomonas indicates
that D2 HI17 binds the redox active chlorophyll,
Chi Z (Ruffle ct aI., 2001).
Recently the oxidation ofcarotenoid was identified
in PS II at cryogenic temperatures and carotenoid
was suggested to function as an electron carrier
between P680 and Chi Z (Hanley et aI., 1999). Both
Chi Z and carotenoid presumably only function as
electron carriers when normal electron flow from
water to P680 is interrupted. Various electron transfer
pathways involving Cyt b 559 , Chi Z, carotenoid and
P680 are currently under discussion (Faller et aI.,
200 I; Tracewell et aI., 2001).

F. Tyrosine Residues Yo and

v,

D1 Tyr 161, YZ' acts as an intermediate electron
carrier between P680 and the Wac. The Em of the
Yz/Yz' couple is estimated at +950-1000 mV (Vass
and Styring, 1991). In recent years, Yz has been
proposed to be involved in the water oxidation process
itself, as a hydrogen atom abstractor, or in promoting
proton coupled electron transfer from the wac
(Nugent et aI., 2001). The reduction kinetics ofP~8o
by Yz are dependent on the redox state (termed Sstate, see below) ofthe Wac. A large fraction ofP~8o
is reduced by Yz in nanoseconds, but slower phases
also occur (Schilstra et aI., 1998; Christen et aI.,
1999). The data suggest a role for proton coupled
electron transfer processes, in which proton migration
is required to complete the reduction of P680+. For
the rate of cleetron transfer from the OEC to Yz',
lifetimes of up to 250 J.1S have been reported for the
transition Yz'SafYZS 1, 30 to 140 J.1S for Yz'S/YzS z,
100 to 600 J.1S for Y z'S/YZS3, and I to 4.5 ms for
Yz'S/YzSo (Rappaport et aI., 1994; Razeghifard et
aI., 1997). Four protons are released to the lumenal
side of the thylakoid membrane during the S-state
cycle. The proton release into the bulk phase takes
place within some tens of microseconds after the
excitation of PS II. This means that proton release
precedes the actual S-state transition, and is coupled
to P~80 reduction and Yz oxidation, rather than to Yz
reduction and the oxidation of water itself.
D2 Tyr 161,YD' can also be oxidized by P68o+but
it does not have an essential role in normal electron

flow. YDis relatively stable in the oxidized state and
is also able to slowly undergo redox reactions with
the lower oxidation states of the wac. During dark
adaptation, the wac slowly relaxes to the S. state
either from So with electron donation to YD' or from
S3 and S, asYDis oxidized. The Em has been estimated
to be +750 mV from a study ofequilibrium constants
(Vass and Styring, 1991). The role ofYDis unclear.
The presence of oxidized YD may help poise the
electrostatic environment to help direct electron flow
from the wac and Yz. It has been suggested thatYD
is involved in the photoactivation of the wac, the
light driven process of Mrr" oxidation and complex
assembly (Magnuson et aI., 1999). Mutants in C. reinhardtii or Synechocystis 6803 that lack YDstill grow
photoautotrophically and evolve oxygen so it is not
absolutely required for PS II assembly and function.

G. The Water Oxidizing Complex and Mn
Cluster
Despite recent progress on the location, wac
structure and mechanism of water oxidation, much
remains to be explained about this process (Debus,
1992; art and Yocum, 1996; Nugent, 2001). The
oxidation of water to release molecular oxygen is a
four electron transfer reaction. During its turnover,
the wac passes through states termed S-states,
electrons being removed from So to S4 and (), being
evolved at the transient S4state (Fig. 3), restoring So
and resetting the cycle. Four Mn atoms are thought to
be involved. The Mn cluster appears to act as a
device for accumulation of oxidizing equivalents
and as the site ofwater oxidation. Examination ofthe
possible mechanisms show that oxidation of the
wac must be an almost electroneutral process with
proton release during the S-state cycle providing the
necessary charge balance. Both Cl and Ca" ions
have been shown to be required for maximum rates
of oxygen evolution. The dark stable state is S I' The
S, and S3 states are unstable with short half lives at
room temperature, decaying back to Sj' The S4 state
has a lifetime of about 1.5-4.5 ms, spontaneously
decaying to So'
The stage in the S-state cycle where water binding
occurs is not known. Recent studies strongly suggest
that there is interaction between water and the WOC
before S3'with significant differences in the binding
of the two water molecules (Hillier et aI., 1998).
The Mn valence states during the S-state cycle are
not known, but models with the S, state having
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Fig. 3. The S-states of the water oxidizing complex (WOC). Electrons are removed sequentially by P680 t via Y z- The S-state number
indicates the number ofoxidizing equivalents stored. On reaching S4' oxygen is released and the cycle reset. The steps at which water may
be bound, oxidized and protons released are discussed in the text.

3MnJ+ IMn4 1 or IMn3~ 3Mn4 1 are the alternatives
generally discussed. Two main schemes for the
accumulation of oxidizing equivalents have either
Mn oxidized during each of the S-state transitions or
Mn oxidation on some transitions with S2 to S3 not
involving Mn oxidation. The structure of the Mn
cluster has been extensively studied by X-ray
spectroscopy (Yachandra et al., 1996; Nugent, 200 I).
The data suggest a structure in S2 comparable with
model compounds containing a Mn3+/Mn4+ dimer.
In summary, studies indicate that the intact complex
contains two inequivalent Mn dimers. One Ca++ and
one CI- ion may be associated with one ofthe dimers,
but more studies are required to confirm this. The
roles played by calcium and chloride ions are unclear,
but the data is consistent with the view that they are
required for the functional integrity of the complex.
The data showing that Y z is close to the wac has
lead to models suggesting how Yz and the Mn cluster
interact in the mechanism of water oxidation
(Hoganson and Babcock, 1997, 1999; Haumann and
Junge, 1999; Limburg et al., 1999; Mulkidjanian,
1999; Nugent, 200 I). Finally an interesting
requirement for oxygen binding prior to water
oxidation has been observed in the filamentous

cyanobacterium Oscillatoria chalybea (Bader and
Schmid, 2000).

v. Photosystem II Structure
Photosystem II has the same function and core
polypeptide composition in all oxygenic organisms
including cyanobacteria, non-green algae and green
algae. We therefore expect Photosystem II to have a
similar structure in all organisms. However there are
some important variations. The water-soluble
phycobilisome LHC is attached to the stromal surface
ofPS II in cyanobacteria and red algae compared to
the membrane-bound chlorophyll alb LHC used in
green algae. Another difference is the use of two
different proteins in green algae (PSII-O and PSII-P)
(Table 1) compared to cyanobacteria (PSII-U and
Cytochrome c-550, PSII-V) to create the correct
environment on the lumen side of the membrane.
The extent of post-translational modifications such
as phosphorylation, acetylation and palmitoylation
and their effects also vary between cyanobacteria
and algae.
In recent years progress has been made towards
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understanding the structure of PS II using crystallization together with techniques of electron microscopy and X-ray crystallography, such as single particle
analysis. Although this work is difficult because
PS II is complex with many subunits, 3-D structural
details of both the reaction center and the overall
structure are now being revealed (Rhee et aI., 1998;
Hankamer et al., 1999; Nield et al., 2000; Zouni et
aI., 2000, 2001; Rhee, 2001). Progress towards elucidating the cyanobacterial PS II structure has been
made using the more stable PS II found in the
thermophilic cyanobacterium, Synechococcus
elongatus. This shows that the overall PS II architecture is arranged in rows of dimers and indicates
that the phycobilisomes must be closely packed (Kuhl
et aI., 1999; Zouni et aI., 2000). The recent 3-D
crystal structure (Zouni et aI., 2001) is not at a high
enough resolution (3.8 A) to reveal full atomic positions, but still provides a wealth of new information
about the location ofsubunits and cofactors, including
Cyt b559 and the Mn complex. It also confirms that the
spacing of core chlorophylls is different from that of
purple bacteria.
The structure of PS II has been probed in other
ways such as by comparative analysis of preparations
with different polypeptide compositions. Detergents
can be used to gradually strip polypeptides from
PS II, revealing their approximate location in the
complex. Many genes coding for PS II components
have been deleted or disrupted in both cyanobacteria
and green algae using molecular biological
techniques. This reveals information such as whether
the protein is required for PS II assembly or a
particular activity.

A. Major Polypeptides
PS II has a reaction center core containing
polypeptides Dl (PSII-A) and D2 (PSIl-D). (Table 1)
These bind most of the electron transfer cofactors
and are hydrophobic polypeptides, each with five
transmembrane spans. The D I/D2 heterodimer binds
six ChI a molecules, which include P680, accessory
chlorophylls and ChI Z. They also bind two Pheo a
including Pheo I, plus QA' QB' f3-carotene,non-heme
iron and provide most if not all of the amino acid
ligands for the Mn and Ca ions in the wac. Two
amino acids Dl Y161 (Y z) and D2 Y161 (YD) act as
electron transfer components as discussed above.
D 1 is synthesized as a precursor polypeptide in
most species, which is then post-translationally

processed at the C-terminus in the thylakoid lumen
to have an alanine C-terminus. For example, in C.
reinhardtii, eight amino acids are removed to give a
344 amino acid mature protein. Dl has a rapid
turnover that is probably required to repair the centers
damaged by side-reactions in PS II which occur in
photoinhibition (Matoo ct aI., 1999)
The precise location ofthe Mn complex is unknown
but it is located on the lumen side of the membrane
close to Yz (Zouni et aI., 2001). It is likely that the
binding site for the Mn complex is formed by the Cterminal amino acids of D 1 being folded under the
region containing Yz. Residues from other PS II
polypeptides such as CP47 could provide a small
number ofMn ligands.

B. Other Core Polypeptides
The reaction center core isolated by detergent treatment also contains Cyt b559 (PSIl-E + PSIl-F) and
PSII-I. Each ofthe polypeptides forming Cyt b 559 has
only a single histidine residue, located within a
single transmembrane domain. The heme cross-links
the two different subunits and is positioned towards
the stromal side ofthe membrane (Tae and Cramer,
1994; Stewart and Brudvig, 1998; Zouni etal., 2001)
The function and location ofthe PSII-I polypeptide
found in reaction center core complexes is not known.
Mutants lacking PSII-I have 10-20% ofnormal PS II
levels in dim light but are inhibited by high light
(Kunstner et aI., 1995).
Attached to the reaction center core are CP47
(PSII-B), CP43 (PSIl-C) and the 33 kDa extrinsic
polypeptide (PSII-O) (Table 1), Recent structural
assignments show that CP47 is adjacent to D2 and
CP43 is near Dl (Hankamer et aI., 1999; Barber et
aI., 2000; Zouni et aI., 2001). CP47 and CP43 each
bind about 15 ChI a molecules and have six transmembrane helices. These polypeptides are important in
stabilizing the reaction center core and modify
quinone binding. CP47, in particular the predicted
hydrophilic loops on the lumen side ofthe membrane,
is involved in stabilizing the wac (Gleiter et aI.,
1995).
In eukaryotic species, the nuclear-encoded
polypeptides such as the 33 kDa polypeptide (PSIl-O)
(Bricker and Frankel, 1998a) are synthesized with
pre-sequences. These pre-sequences direct chloroplast uptake, processing and delivery to the site of
action, before they are removed. The Mn complex
appears to be shielded and stabilized by the PSII-O
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polypeptide. Deletion by mutation or biochemical
removal of this protein in Cyanobacteria does not
prevent oxygen evolution, but decreases the rates
and also the stability ofthe complex. In contrast the
PSII-O polypeptide appears essential for PS II
assembly in algae.
Two other extrinsic nuclear-encoded polypeptides
found in green algae, termed the 16 kDa (PSIl-Q)
and 23 kDa (PSII-P) polypeptides, are not required
for PS II assembly or oxygen evolution. They are
thought to further stabilize the Mn complex and
modify the Ca" and CI requirement for optimal
oxygen evolution rates (Campbell et a!., 1998b).
Cyanobacteria and non-green algae such as red
algae do not have PSII-P and PSII-Q but do have
PSII-U and cytochrome c550 (PSII-V) in similar
roles (Shen et a!., 1998; Nishiyama et aI., 1999; Ohta
et aI., 1999; Katoh ct aI., 2001). PSII-U is nuclearencoded in red algae whilst PSII-V is chloroplastencoded. Double deletion mutants of PSII-V and
PSII-U in Synechocystis 6803 still grow photoautotrophic ally. PSII-V appears to have a more critical
function and double deletion of both PSII-V and
PSII-O results in loss of photoautotrophic growth.
Red algae also have a 20kDa polypeptide associated
with the lumen side ofPS II.

C. Small Polypeptides
Numerous small polypeptides are found in PS II
(Table 1) (Takahashi, 1998). For many of these we
know little more than their amino sequences and the
results of gene deletion or disruption experiments.
The psbW gene is nuclear-encoded in green algae
and plants, and is not present in cyanobacteria (Lorkovic et aI., 1995). The mature protein is predicted to
have one transmembrane span with the N-terminus
in the thylakoid lumen. Recently a role for PSII-Win
stabilizing the dimeric form ofPS II has been found
(Shi et aI., 2000). A recent paper has suggested that
PSII-W is located in PS I not PS II (Hiyama et a!.,
2000). We have recently sequenced both genomic
and eDNA clones for psbW from C. reinhardtii and
determined using antibodies that PSII-W is definitely
associated with PS II and not PS 1. An unrelated
gene, also misleadingly termed psbW, is present in
the cyanelle of Cyanophora paradoxa and the plastid
genome of the non-green algae Cyanidium caldarium,
Odontella sinensis and Porphyra purpurea.
Deletion of psbXin cyanobacteria appears to reduce
the PS II content and therefore this subunit may be
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involved in regulation of the amounts of functional
PS II (Funk, 2000; Katoh and Ikeuchi, 2001).
Deletion of PSII-K or PSII-H leads to different
mutant phenotypes in cyanobacteria and the green
alga Chlamydomonas (O'Connor et a!., 1998). In the
cyanobacterium Synechocystis 6803, although the
deletions affect PS II, neither is essential or required
for photoautotrophic growth. In Chlamydomonas,
both mutants are unable to grow photoautotrophically.
PSII-K is post-translationally modified, having eight
amino acids removed from its N-terminus, which is
probably in the lumen as is the N-terminus ofPSIl-W.
Mutants where PSII-Nor PSII-T (ycfS) was deleted
can grow photoautotrophically under some conditions. Mutants lacking PSII-T appear normal but are
affected under stress conditions such as high light.
PSII-L is essential in cyanobacteria and therefore
probably in algae too, making it the only polypeptide
outside the core set of proteins (PSII-A to PSII-F)
that is required. Data suggests that the QA site is
affected when it is removed during purification
(Hoshida et a!., 1997; Bianchetti et a!., 1998).
PSII-S is related to chlorophyll alb binding (CAB)
proteins but has an additional transmembrane helix
(Funk et a!., 1995). There are probably two copies
per PS II and they bind chlorophyll and carotenoid.
PSII-S is thought to be involved in photoprotective
energy dissipation mechanisms (Li et a!., 2000) and
be located at the interface ofPS II and LHC in plants.
It has not been studied in algae and is absent from
cyanobacteria and non-green algae.
Another component ofPS II was recently identified;
the psbY gene product (Mant et a!., 1998; Gau et a!.,
1998). In plants and green algae, the nuclear-encoded
gene gives two non-identical but related polypeptides,
each containing a single transmembrane span in a
precursor sequence separated by another putative
transmembrane (TM) span. This third TM and an Nterminal targeting sequence are thought to ensure
that both mature polypeptides have their N-termini
in the thylakoid lumen. Both polypeptides are found
in Chi alb binding types ofPS II, with only one ofthe
polypeptides present in cyanobacteria and non-green
algae, where it is plastid encoded. PSII-Y has been
associated with Mn binding and L-arginine metabolizing activity but recent work shows that PSII-Y
is not essential for oxygenic photosynthesis in
cyanobacteria (Meetam et a!., 1999) and is not an Mn
ligand.
Also recently, the product of the ycf9 gene has
been shown to be present in PS II and the gene
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renamed psbZ. Studies with mutants showed that the
absence ofthe PSII-Z polypeptide affects interactions
between PS II and LHC (Swaitek et aI., 2001).
The known composition of PS II may increase
further as a recent paper has suggested that rubredoxin
is attached to the PS 11 complex (Wastl et aI., 2000).

VI. Photosystem I
The basic structure and function of PS I in algae is
the same as in other oxygenic photosynthetic
organisms. The major differences in the electron
transfer processes between algae, cyanobacteria and
higher plants are in the variability in the soluble
electron transfer proteins involved as electron donors
and acceptors (Raven et aI., 1999). The different
proteins available to algae provide some flexibility in
responses to environmental variations in the
availability ofCu and Fe. There are also differences
in the polypeptide composition and possibly function
between prokaryotic and eukaryotic PS I; it is not yet
known if different groups of eukaryotic algae differ
from each other in this regard. The core polypeptide
composition, providing the scaffold for the redox
cofactors, seems likely to be identical in PS I from all
organisms. Detailed analysis of this structure is now
possible with the X-ray crystal structure ofPS I from
Synechococcus at 2.5A resolution (Jordan et aI.,
200 I). The polypeptide composition is complex with
16 peptides associated with the structure (Table 2).

A. Structure
The X-ray crystal structure of PS I from Synechococcus sp. PCC7002 has been resolved by Witt,
Saenger and co-workers (Krauss et aI., 1996; Schubert
et aI., 1997; Fromme, 1999; Jordan et aI., 2001).
Refinement of the structure continues with a resolution of2.5A currently achieved by the same groups.
At resolution better than 3A, the amino acid sequence
can be fitted to the X-ray density allowing the
identification of ligands to the redox cofactors,
opening up much wider opportunities for analysis of
function through the use ofsite directed mutagenesis.
The structure has analogies to that of the purple
bacterial reaction center in the organization of the
cofactors. However there are differences in the overall
structure. It is very much larger with 12 polypeptides
and contains over 100 Chi molecules (Chitnis et aI.,
1995; Manna and Chitnis, 1999). The core of the

reaction center consists of a heterodimer of PSI-A
and PSI-B polypeptides. These closely related
proteins have molecular weights of about 83 kDa,
approximately double that of the core polypeptides
ofeither the purple bacterial or PS II reaction centers.
The core structure can be seen to have two domains.
The central domain binds the cofactors of electron
transport, while the outer domain binds many chlorophyll molecules in an integrated light-harvesting
complex. The outer domain has similarities to the
antenna chlorophyll proteins (CP43 and CP47) of
PS II (Krauss et aI., 1996), while the core component
is homologous with PS II and purple bacterial reaction
(type 2) centers.
The organization ofthe reaction center chlorophyll
dimer, P700, the electron transfer chlorophylls, A
and A o, and the quinones, AI' is similar to the
organization in otherreaction centers. Detailed organization is however different with the chlorophylls of
the dimer pair further apart and more asymmetrically
arranged. The core complex also contains the Pe-S;
center, which is bound between the two subunits
(Golbeck and Comellius, 1986; Hoj and Moller,
1986). PSI-C, containing the Fe-S NB centers (Hoj et
al., 1987;WynnandMalkin, 1988),PSI-DandPSI-E
subunits are bound to the stromal surface ofthe core
completing the electron transfer domain. PSI-F spans
the membrane, with a large lumenal domain providing
the binding site for the electron donor protein in
eukaryotes. Although the initial energy conversion
and electron transfer path are analogous to that in
type 2 reaction centers, there is no evidence for an
inactive side ofthe reaction center and recent evidence
suggests that both sides of the reaction center are
active, but with different electron transfer rates (Joliot
and Joliot, 1999; Guergova-Kuras et aI., 2001;
Muhiuddin et aI., 200 I). Both quinones are potentially
placed to transfer electrons to the central Fe-S,
center and on to the secondary acceptors.
There are no crystal structures of eukaryotic PS I.
However, there are no major differences in the
spectroscopic properties ofthe electron transfer chain
components to suggest there are likely to be major
differences in the core ofthe reaction center compared
to that of Synechococcus. Investigation of isolated
preparations and electron microscopy studies of the
gross complex in the thylakoid membrane do indicate
that cyanobacterial reaction centers form trimers
(Jekow et aI., 1996), while eukaryotic centers are
monomeric. Studies of deletion mutants indicate
that PSI-L is required for trimer formation in cyano-
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bacteria (Jekow et al. 1996). This polypeptide is
present in eukaryotes, and appears to be essential for
PS I assembly, but does not promote trimer formation.
It is possible that the presence of the PS I specific
light harvesting proteins, LHC 1, in eukaryotes
sterieally inhibits trimer formation. Trimer formation
is associated with the appearance oflong wavelength
chlorophyll absorption bands, C735 Chi, in cyanobacterial preparations. It has been suggested that the
appearance ofthis absorption reflects weak coupling
of chlorophyll at the edges of the monomers to
provide an energy migration path between monomers,
allowing dissipation of excess energy as heat by
P70W in closed reaction centers (Karapetyan et al.,
1999).
B. Electron Transfer within the Reaction
Center
The overall energy conversion process is the same as
in other photosynthetic reaction centers. Light is
absorbed by an array of light harvesting chlorophyll
proteins, and the energy of the quantum is funneled
to the photochemically active reaction center
chlorophyll P700. The gross complex of eukaryotes
contains not only the reaction center but also LHCI.
Energy absorbed by phycobilisomes in cyanobacteria
or LHCII in eukaryotes may be transferred to PS I, as
well as that directly absorbed by the internal reaction
center antenna, the energy levels ofthese components
allowing sequential energy transfer to the reaction
center. Within the reaction center core the closest
approach ofthe light harvesting chlorophyll is to the
A o chlorophyll (Schubert et al., 1997), leading to
suggestions that energy transfer is through this
chlorophyll rather than directly to P700 (White et aI.,
1996). PSI-K may be involved in this process since
energy transfer from long wavelength chlorophylls
to the reaction center is impaired in transgenic
Arabidopsis lacking PSI-K (Jensen et aI., 2000). The
excited state of the reaction center chlorophyll
transfers an electron through intermediary chlorophyll
electron carriers (A, Au) to reduce a quinone (AI)' the
electron is then transferred through a complex of
three iron-sulfur centers, Fe-Sx' Fe-SA and Fe-S, to
the soluble ferredoxin or flavodoxin (Figs. 4 and 5).
The oxidized ground state reaction center chlorophyll
is meanwhile re-reduced by plastocyanin or
cytochrome e SS] ' The major difference in the electron
transfer path compared to type 2 reaction centers is
the absence of a secondary quinone acceptor pro-
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viding electron gating between the single electron
process in the reaction center and the two electron
reduction ofthe quinone. The entire pathway transfers
a single electron, gating to a two-electron transfer
occurring at the flavoprotein ferredoxin-NADP
reductase.
PSI-A and PSI-B, the core of the reaction center,
create a structure with two-fold symmetry. Although
the electron transfer process involves a single electron
transfer there are two potential electron transfer paths
in the reaction center. The protein environment tunes
the redox properties ofthe reaction center chlorophyll;
they are not related to the chemical nature ofthe ChI.
Both P680 in PS II and P700 have Chi a as their
photochemically active pigment, but with widely
different properties. The X-ray structure confirms
that P700 is a dimer of chlorophyll molecules,
essentially parallel to each other and at right angles
to the plain of the membrane. However there are
significant differences in the organization with less
overlap ofthe Chi rings and one ofthe Chi molecules
is the epimer ChI a' (Jordan et aI., 2001, see
discussions in Ke, 200 I) as first suggested by isolation
of the P700 ChI (Hiyama et al., 1987). There are also
significant differences in the electronic structure of
P700" . Although the idea that reaction center Chis
were dimeric developed from the properties of the
electron paramagnetic resonance (EPR) spectrum of
P700", ENDOR and ESEEM (Rigby et aI., 1994;
Webber et aI., 1996), studies have shown that it is a
very asymmetric dimer with 80% or more of the
charge localized on one of the Chi molecules. The
charge is localized on the Chi a' which is the PSI-B
side component of the P700 ChI pair (Webber and
Lubitz, 2001). The significance of the variations in
the electronic structure ofthc oxidized reaction center
among different types of reaction center is unclear.
Initial electron transfer from P' results in the
reduction of a ChI molecule A o with subsequent
electron transfer to a quinone Al and then to the ironsulfur center Fe-S; The crystal structure shows a
second chlorophyll between P700 and the putative
Ao Chi, suggesting that the electron transfer process
is very similar to that in purple bacteria. Although
the electron transfer components were identifiedmany
years ago, largely by EPR and optical spectroscopy,
kinetic analysis of the pathway has proved difficult
because ofthe large number ofchlorophyll molecules
associated with the reaction center. However recent
results have defined the path of electron transfer and
the time constants of the reactions (Figs. 4 and 5).
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The crystal structure shows that the potential
chlorophyll and quinone electron transfer components
A o and A. are present as paired components associated
with each side ofthe reaction center. There is however
only a single Fe-S; center. This is bound between the
two polypeptides by conserved cysteine containing
motifs in each polypeptide, as was predicted from
spectroscopic and sequence analysis, supported by

site directed mutagenesis of the cysteines (Smart et
al., 1993; Hallahan et al., 1995). In PS II, although
there is considerable symmetry between the two
sides of the reaction center, electron transfer is
strongly unidirectional. This is clearly essential in
view of the very different properties of the two
quinones and if the QA/Q B gating mechanism is to
work. In PS I it is less obvious that a unidirectional
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process is required since the electron has to return to
a unique path at the Fe-S, site. There have been a
number of indications that in fact only one side ofthe
reaction center is active. One ofthe twophylloquinone
molecules is more easily extracted than the second
(Malkin, 1986; Biggins and Mathis, 1988). Removal
of one molecule of phylloquinone does not inhibit
electron transfer; both must be removed to inactivate
the reaction center. In experiments designed to photoaccumulate the reduced intermediary electron carriers
in the reduced state at low temperatures, one quinone
and one chlorophyll molecule are relatively easily
reduced, more extreme procedures are required to
reduce the second molecule ofeach (Heathcote et al.,
1993). However evidence is beginning to develop
from kinetic studies showing different rates of electron
transfer through the two paths (Joliot and Joliot,
1999), and from site-directed mutagenesis experiments in C. reinhardtii in which modifications to
PSI-A W693 (Purton et al., 2001) and PSI-B W673
(Guergova-Kuras et al., 200 I), in the putative quinone
binding site, inhibit growth under aerobic conditions,
change the properties of the quinone and change
electron transfer kinetics. Kinetic analysis suggests
that electron transfer may be bi-directional.
Measurement ofthe electron transfer rate from AI to
Fe-S, has proved difficult, a time of200 ns has been
widely accepted (Luneberg et al., 1994; MoenneLoccoz etal., 1994; van der Estet al., 1994). However
a number of measurements suggested a faster rate.
Recently experiments have been reported which suggest that in vivo, two rates occur, 18 and 160 ns
(Joliot and Joliot, 1999). The amplitude ofthe components contributing to each rate factor were about
equal, suggesting that the electron could be transferred
with equal probability from P700 to either quinone,
but that the forward transfer rates were different.
This would be compatible with the fact that the
quinone binding sites are not identical. An alternative interpretation would be that electron transfer is
in fact unidirectional, with two conformations ofthe
reaction center resulting in different rates. This would
be compatible with measurements at low temperature
which show irreversible electron transfer from P700
to Fe-SA in about half the centers and reversible
electron transfer from P700 to AI in about half the
centers at temperatures below 200K in samples
reduced with sodium ascorbate i.e. the iron-sulfur
centers are oxidized before illumination at low
temperature. Alternatively the two conformations
might in fact reflect the activity of the two sides of
the reaction center.
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Site directed mutagenesis of the PSI-A quinone
binding site has now clearly shown that the 200 ns
rate ofoxidation ofthe quinone is associated with the
PSI-A side ofthe reaction center (Purton et al., 2001;
Boudreaux et al., 2001). The quinone binding site
mutants probably slow rather than completely inhibit
electron transfer. However mutants of the A o
chlorophyll binding site on the PSI-A side have now
been described (Fairclough et al., 200 I) which completely inhibit measurable electron transfer reactions
on the PSI-A branch. These mutants are still able to
grow autotrophically and transfer electrons from
P700 to Fe-SAIB at low temperature. Kinetic EPR
experiments (Muhiuddin et al., 2001) and ENDOR
measurements (Heathcote et al., 2001) identify two
quinone AI" environments in Photo system I, one has
been well characterized, corresponding to the
'classical' AI" component, while the second is thought
to correspond to the PSI-B side quinone. The classical
component is modified or lost in PSI-A side quinone
and Ao mutants, while the signals assigned to the
PsaB quinone are unaffected. Analysis ofPSI-B side
mutants is less advanced but suggests that while the
PSI-A side electron transport is functional, the
mutants do not grow autotrophically (Ramesh et al.,
2001). Preliminary interpretation of these results
suggests that electron transfer occurs on both sides
ofthe reaction center. Electron transfer on the PSI-B
side is some ten times faster than on the PSI-A side.
PSI-B side electron transfer is competent for
autotrophic growth while PSI-A side electron transfer
is not. The in vivo function ofthe PSI-A side electron
transfer is therefore unclear.
There has been extensive discussion of the
organization of the iron-sulfur centers ofPSI-C, the
Fe-S AlB centers that form the final component of the
membrane bound electron transfer path. EPR analysis
oforiented membrane preparation indicated that one
center would be deeper in the membrane, and closer
to Fe-S, (Kamlowski et al., 1997), while the other
would be closer to the surface to act as donor to the
soluble electron acceptor. Redox titrations ofspinach
preparations indicated the Fe-SB was more reducing
(-590 mY) than Fe-SA (-540 mY) although there is
variation between species, however biochemical
experiments suggested the Fe-S B was the donor to
ferredoxin (He and Malkin, 1994). This has now
been resolved by site directed mutagenesis, which
identified which cysteine motif in PSI-C bound each
center. This work can now be combined with the xray crystal structure allowing the PSI-C sequence to
be aligned with the structure and identifies Fe-SA as
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the center closest to Fe-S; (Kamlowski et al., 1997).
Electron transfer through the iron-sulfur centers is
extremely difficult to measure because of the low
absorption coefficients of the centers and overlap
with the absorption of ChI. Progress has been made
in determining rates between the centers and also to
the soluble ferredoxin or flavodoxin (Setif'and Bottin,
1994) indicating submicrosecond rates for all the
steps.

C. Electron Transfer to Photosystem I
Electrons are supplied to PS I from PS II through the
Cyt b61complex. Electron transfer from cytochrome
fto PS I requires a soluble electron transfer protein in
the lumen of the thylakoid. This may be either the
copper protein plastocyanin or the cytochrome c6 in
both cyanobacteria and algae. These two proteins are
of similar sizes and are thought to use the same
binding site on PS 1. Mutants of Synechocystis in
which photosynthetic growth is lost when both genes
have been deleted show that one of these proteins
must be present for photosynthetic growth (Manna
and Vermaas, 1997). Some algal groups appear to
possess only cytochrome c 6 • However, in most algae
and cyanobacteria genes for both electron carriers
are present allowing these organisms to match the
choice of electron carrier to the availability of Cu
and Fe. The plastocyanin gene is therefore expressed
when Cu is abundant, whereas the cytochrome c6
gene is expressed when Cu is depleted and Fe is more
abundant (Raven et al. 1999). Higher plants appear
to use exclusively plastocyanin, however the recent
identification in the Arabidopsis genome of a gene
encoding a cytochrome c6 homologue suggests that
plants might also use this electron carrier under
conditions of Cu deficiency (c. Howe, personal
communication).
There are major differences in the properties of
these proteins in cyanobacteria and in eukaryotes. In
eukaryotes the proteins are acidic while in cyanobacteria they are basic (see review by Hope, 2000).
Extensive studies using site directed mutagenesis
have investigated the electron transfer path in
plastocyanin and the properties of the protein faces
which bind to either PS I or cytochromef In eukaryotes the binding involves an acidic surface patch on
the protein and a basic site on PS 1. In cyanobacteria
the protein patch is basic and the PS I site acidic,
cross reactivity between eukaryotic and prokaryotic
proteins and PS I is therefore poor. The kinetics of

P700 re-reduction is biphasic in eukaryotes and some
prokaryotes, the fast phase of 10 J.1S requiring the
formation ofan intermolecular complex between the
donor and acceptor. In C. reinhardtii effective
plastocyanin binding has been shown to depend on
the presence ofPSI-F,a mutant lacking PSI-F showing
modified plastocyanin binding and only the slow
phase of P700 reduction kinetics (Farah et al., 1995;
Hippler et al., 1997). PSI-F in Synechococcus
elongatus lacks part ofthe lumenally exposed domain
and shows only the slow kinetic phase. Construction
of a mutant of S. elongatus with a chimeric PSI-F
including the lumenal part of C. reinhardtii PSI-F
results in PS I reacting rapidly with eukaryotic donor
proteins.
The small hydrophobic subunit PSI-J appears to
participate indirectly in fast electron transfer to P700+
in eukaryotcs since disruption of the psaJ gene in C.
reinhardtii results in a PS I complex in which the
participation of the N-terminal region of PSI-F in
fast electron flow is prevented (Fischer et al., 1999).
This suggests that one role of PSI-J is to maintain
PSI-F in the correct orientation. Furthermore, PSI-N
also seems to be involved in the efficient transfer of
electrons to the reaction center since Arabidopsis
mutants lacking this subunit have a slowed rate of
P70o+ re-reduction (Haldrup et al., 1999).
D. Electron Transfer from Photosystem I
Electrons are transferred from PS I to a small soluble
redox protein on the stromal surface of the thylakoid
membrane. In cyanobacteria and algae it may be
ferredoxin or a small flavoprotein, flavodoxin. As
with the plastocyanin!cytochrome c6 pair which
protein is expressed depends on metal availability.
Ferredoxin is normally expressed, and is a more
effective electron carrier. However at low Fe
availability it is replaced by flavodoxin. Ferredoxin!
f1avodoxin function as electron carriers to a number
of enzymes including nitrite reductase, thioredoxin
and (in cyanobacteria) nitrogenase. The most frequent
partner is probably ferredoxin-NADP oxidoreductase. In many organisms this is an extrinsic
membrane protein on the surface of the thylakoid
and it is unclear to what extent these proteins are also
membrane associated. In higher plants it has been
thought that only ferredoxin is involved in electron
transfer from PS 1. However genes for f1avodoxin
have been identified in Arabidopsis and C. reinhardtii.
It is not yet known whether flavodoxin can replace
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ferredoxin in eukaryotes in vivo.
Two PS I polypeptides, PSI-D and PSI-E, form a
complex on the surface of PS I (Schubert et al.,
1997). PSI-D is required for PST-C binding while
PSI-E may have a role in cyclic electron transport
(Yu et al., 1993). These peptides are also involved in
forming the binding site for ferredoxin. Extensive
work using site directed mutagenesis addresses the
surface structures of ferredoxin and the enzymes
involved in complex formation and electron transfer
(Xu et al., 1994).
VII. Conclusions

As shown here, certain cyanobacterial and algal
species are useful as 'models' in the study of oxygenic
photosynthesis because of their ease of culture and
genetic manipulation.The core structure and activities
ofthe two photosystems in Cyanobacteria and algae
are almost identical to those found in higher plants
and therefore the results are readily transferable
from one system to the other. There are however
significant differences between plants, algae and
Cyanobacteria in the peripheral polypeptides and
water-soluble electron carriers. This probably reflects
the different environmental and regulatory requirements of cyanobacteria and algae. Cyanobacterial
species have been particularly useful for X-ray
crystallographic studies, which are now revealing
the molecular structures of these eomplex systems.
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Summary
This chapter discusses two of the processes, namely photorespiration and chlororespiration, in algae that run
counter to the oxygen-yielding reactions of photosynthesis and which involve the oxidation of carbohydrate
and/or the consumption of oxygen. Photorespiration is associated with the oxygenase activity of Rubis co and
the mechanisms by which cells recoup carbon and energy that would otherwise be lost from the system. The
degree to which algal cells will carry out photorespiration depends on the specificity ofthe enzyme Rubisco for
the two competing substrates 02 and CO 2, whether or not the cells possess an active CO 2 concentrating
mechanism (CCM), and a number ofenvironmental factors such as temperature and photon flux. Photorespiration,
where it occurs, is believed to fulfill, together with a CCM, a role in avoiding the inefficiencies of carbon
acquisition via Rubisco and in recovering some ofthe carbon and energy that could potentially be lost to the cell
as excreted glycolate. In some circumstances photorespiration could also act as a mechanism of energy
dissipation under conditions of high light and/or low CO 2 when assimilatory processes are insufficient to
dissipate absorbed light energy.
Chlororespiration, in contrast to photorespiration, is only operative in the dark and at very low light, when the
photosynthetic machinery is inoperative. Chlororespiration involves the oxidation of carbon reserves, with 02
as terminal electron acceptor using NAD(P)H dehydrogenase, plastoquinone, the cytochrome b.fcomplex, and
a terminal oxidase. Electron transport is potentially coupled to active H+ transport into the lumen and ADP
phosphorylation. A number of roles have been proposed for chlororespiration, including maintenance of the
ATP synthase in an active state in the dark and acting as a sink for photosynthetically-generated reducing
equivalents (NAD(P)H), thereby attenuating the generation of damaging superoxide and hydroxyl radicals.
These roles, and indeed the process of chlororespiration, are still hotly debated.

I. Introduction
The light harvesting and photochemical reactions
that take place in the thylakoids of algae and
Cyanobacteria energize electron flow to (an) electron
acceptor(s) coupled to the oxidation ofwater to yield
molecular oxygen. Running counter to these oxygenyielding reactions are a number of processes, which
involve the oxidation of carbohydrate and consumption of oxygen. Principally these are the respiratory
processes of glycolysis, the oxidative pentose
phosphate pathway and the TCA cycle linked to
oxidative phosphorylation (Chapter 10, Raven and
Beardall). In the algae, these major processes are

located in the cytosol and, in the case of the TCA
cycle and oxidative phosphorylation, the mitochondria. In Cyanobacteria, with no localization of
function within organelles, respiratory and photosynthetic electron transport are less well separated
and indeed have electron transport components
(plastoquinone, the cytochrome bf complex and
plastocyanin) in common.
These major respiratory pathways aside, Cyanobacteria and algae possess other mechanisms, closely
associated with thylakoids and/or photosynthetic
processes, which result in the consumption ofoxygen.
Foremost among these is the Mehler reaction,
associated with electron flow to 02 as a terminal

Abbreviations: CCM - carbon concentrating mechanism; CF. - H'-conducting transmembrane component of the chloroplast or
Cyanobacterial CF.-CF, ATP synthetase; CF, - Adenylate-binding component of the chloroplast or cyanobacterial CFo-CF, ATP
synthetase; CF.-CF, - Chloroplast or cyanobacterial ATP synthetase; DCCD -dicyclohexylcarbodiimide; DCMU - 3-(3,4-dichorophcnyl)I, l-dimethylurea; FcSP - iron-sulfur protein; F. - minimal fluorescence after dark acclimation; Fm - maximal chlorophyll fluorescence
after dark acclimation; F)F m - the ratio of variable to maximum fluorescence after dark adaptation; equivalent to the maximum quantum
yield of Photosystem II; GS-GOGAT - glutamine Synthetase-Glutamate Oxoglutarate Amino Transferase; K'I'" concentration of
substrate at which the reaction rate is half of the substrate- saturated rate; k,,, - substrate-saturated rate ofcatalysis on a unit enzyme basis;
NP-OR - NADP-dependent plastoquinone oxidoreductase; NAD' - nicotinamide adenine dinucleotide (oxidized); NADH - nicotinamide
adenine dinucleotide (reduced); NADPH - nicotinamide adenine dinucleotide phosphate (reduced); Ndh - NAD(P)H-PQ-oxidoreductase;
OPP pathway - oxidative pentose phosphate pathway; PC - plastocyanin; PCOC - photorespiratory carbon oxidation cycle; PCRC photosynthetic carbon reduction eyclc; PQ - plastoquinone; PQH, - plastoquinol; PS I - Photosystem I; PS 11- Photosystem II; Q A quinone A in the reaction center complex of Photosystem II; qN - non-photochemical quenching of chlorophyll fluorescence; qP photochemical quenching of chlorophyll fluorescence; Rubisco - ribulose bisphosphate carboxylase-oxygenase; RuP, - ribulose-I ,5bisphosphate; SHAM - salicyl hydroxamie acid; S", - selectivity faetor of Rubisco for CO, relative to that for 0, TCA cycle '
tricarboxylic acid cycle; Vm - maximal, substrate- saturated, rate of reaction; tlJ.iH + - proton motive force

Chapter 8

Photorespiration and Chlororespiration

acceptor and the water-water cycle. This process,
described by Miyake and Asada (Chapter 9), acts
primarily as an energy-dissipating mechanism.
However, there exist other reactions in algal cells
that are also associated with oxygen consumption
within chloroplasts.
Photorespiration is associated with the oxygenase
activity of Rubisco and the mechanisms by which
cells recoup, at least in part, carbon and energy that
would otherwise be lost from the system. Chlororespiration, in contrast, is only operative in the dark
and at very low light, when the photosynthetic
machinery is inoperative. When light is re-supplied
to cells previously kept in the dark, algal photosynthesis only gradually increases to a steady ratethis induction process is associated inter alia with
the establishment of a trans-thylakoid pH gradient.
In recent years it has become apparent that some
algae and Cyanobacteria possess a mechanism that
allows maintenance of a pH gradient in the dark,
thereby minimizing the time taken for the induction
period and establishment of stable rates of photosynthesis.
This chapter examines the nature ofthese processes,
their magnitude and regulation and their proposed
role(s) in photoautotrophic cells.

159
phoglycolate phosphatase. This allows recycling of
P, and the glycolate is then available for further
metabolism or can be lost from algal cells by
excretion. In eukaryotic algae, phosphoglycolate
phosphatase activity and glycolate production occurs
in chloroplasts.
The extent to which the two competitive reactions
of Rubisco occur in autotrophic cells depends on the
Oz and COz concentrations at the Rubisco active site
and the molecular nature of the Rubisco molecule.
The relative selectivity factor (Sret) describing the
capacity of Rubisco to discriminate between COz
and O, is given by Eq (3).

s = Kl/zOz' VmCO

Z

rei

Kl/zCO z .VrnOZ

(3)

Rul', + COz + HzO ~ 2 X glycerate-3-P

(1)

where K II 2COz and K II 2 02 are the half saturation
constants for the carboxylase and oxygenase functions
respectively and VrnC02 and VrnO Z are the corresponding substrate-saturated rates of catalysis. In this
way, Sret values for Rubisco can be used to determine
the amount of carbon incorporated into cellular
material relative to that which would be fixed in the
absence of oxygenase activity.
There is significant variation in the Srcl of different
algae (Table 1). The lowest Sret values are found in
dinoflagellates, such as Amphidinium spp., and in
Cyanobacteria, with the highest values observed in
Rubisco from thermophilic rhodophyte algae
(Uemura et aI., 1997, 1998; Badger et aI., 1998;
Raven and Bearda1l2003a). A lower selectivity factor
means that, for given O, and COz concentrations,
more Rul', is subject to oxygenase activity and,
subsequently, more phosphoglycolate is formed.
Hence, for air-equilibrated levels of O, and COz'
ratios of oxygenase to carboxylase activities, vivc'
calculated according to Eq (4), range from 0.52 in
Amphidinium spp. to <0.1 in Cyanidium spp. (Table 1;
Raven et aI., 2000).

Rul', + 0z

(2)

(4)

Many other carboxylase enzymes whose reactions
involve a carbanion intermediate also possess an
oxygenase activity (Abell and Schloss, 1991; Hartman
and Harpel, 1994; Tabita, 1999).
The phosphoglycolate produced by oxygenase
activity of Rubisco is inhibitory to Rubisco carboxylase activity and is dephosphorylated via phos-

This approach can also be used to estimate the
relative rate of carbon acquisition (Eq 5), at air
equilibrated CO 2 and 0z levels, in circumstances
under which all glycolate derived, via phosphoglycolate, from the oxygenase activity ofRubisco,
is lost from the cell by excretion. Since two carbon
atoms (in phosphoglycolate) are formed from each

II. Photorespiration

A. The Oxygenase Activity of Rubisco and
Generation of Glycolate
All Rubiscos have, in addition to their carboxylation
activity, which yields two molecules of 3-phosphoglycerate (Eq 1), the capacity to catalyze the
oxygenation of ribulose-l,5,-bis-phosphate (RuPz)
to yield one molecule of glycerate-3-phosphate and
one molecule of phosphoglycolate (Eq 2).

~

glycerate-3-P + glycolate-2-P
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Table 1. Some kinetic properties of Rubis co and consequences for net carbon assimilation in different algae and Cyanobacteria (modified
from Badger et al., 1998; Raven, 1984; Raven et al., 2000).

Rubisco source

Srd

oxygcnase:carboxylase at
air equilibration

(vc- 2vol

volv e

Cyanobacteria (LsS s)
5 species with CCM

Net carbon assimilation with all
glycolate excreted hom the cell

Vc

Net carbon assimilation
with all glycolate
reassimilatedvia the
PCOC
(v cO.5vo)

35-56

0.34-0.55

-0.10 - +0.32

+0.73-+0.83

Amphidinium (with CCM)

37

0.52

-0.04

0.74

Chlorophyta (LsS s)
2 species with CCM

6163

0.30-0.31

+0.38 - +0.40

+0.85

Coccomyxa (with
diffusive CO 2 entry)

83

0.23

+0.54

+0.89

Rhodophyta (LsS s)
Porphyridium cruentum
with CCM

128

0.15

+0.70

+0.93

Cyanidium (2 species
with CCMs)

224-238

0.081-0.086

+0.83-+0.84

+0.96

106-114

0.170.18

+0.64-+0.66

+0.91-+0.92

101

0.19

+0.63

+0.91

Dinophyta (L 2)

Heterokontophyta (LsS s)
Bacillariophyceae
3specieswithCCMs
Chlorumonadophyceae
I species with CCM

oxygen consumed by the oxygenase activity of
Rubisco, net acquisition of carbon can be expressed
as:

(5)
As shown in Table 1, the Rubisco with the lowest
CO 2 affinity of any found in 02-evolving autotrophs,
i.e. that from Cyanobacteria and some dinoflagellates,
cannot perform net CO 2 fixation using diffusive gas
exchange with air-equilibrium concentrations ofCO 2
and 02 in the medium. As a consequence of oxygen
evolution at PS II, internal 02 concentrations may be
above air-equilibrium, enhancing the oxygenase
reaction and reducing net carbon assimilation further.
For instance, Yokota et al. (1987) modeled the 02
concentration at the active site of Rubisco in
Chlamydomonas to be -0.36-0.39 mM. Applying
this to a green alga with a Srel of62, and assuming airequilibration CO 2 levels of 10.2 ,uM, leads to values
of net carbon assimilation of -0.14 (Raven et aI.,
2000). Thus, species with Srel for Rubisco below -70

would not, under those circumstances, be able to
perform net carbon assimilation and net growth in
the absence of either a) a CCM to elevate the CO 2
level at the Rubisco active site above air equilibrium
or b) some mechanism to recover the carbon in
phosphoglycolate. It must be noted however, that
Yokota et al. (1987) used, in their calculations, lower
(- X 3) values for the permeability coefficients across
the plasmalemma for CO 2and 02 (PC02 and P02) than
are cited by Siiltemeyer and Rinast (1996). The latter
is considered the technically most adept measurement
of the CO 2 permeability coefficient of an algal cell
membrane. The higher values for PC02 and P02would
lead to lower internal 02 concentrations and a smaller
'carbon deficit.' Carbon dioxide concentrating
mechanisms are discussed in detail in Chapter 11
(Raven and Beardall).

B. Mechanisms for Glycolate Metabolism
We have shown (Table 1) that, given diffusional
entry of CO 2 into algal cells and air-equilibrated

