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From the Series Editor

I am delighted to announce the publication, in 
Advances in Photosynthesis and Respiration (AIPH) 
Series, of a book Sulfur Metabolism in Phototrophic 
Organisms. Four distinguished authorities (Rüdiger 
Hell, Christiane Dahl, David Knaff , and Thomas 
Leustek) have edited this Volume: Hell is an author-
ity from the University of Heidelberg (Germany), 
Dahl from the University of Bonn (Germany), 
 Leustek from Rutgers University (USA), and Knaff 
from Texas Tech University(USA). Taken together, 
these editors have a unique combination of expertise 
in Biochemistry, Microbiology, Plant Physiology, and 
Molecular Biology. Their joint efforts have  provided 
a comprehensive overview of Sulfur Metabolism in 
Phototrophic Organisms. The editors have presented 
a authoritative decisive volume on sulfur metabolism 
in both phototrophic eukaryotes and prokaryotes. 
This book is unique in my Series since it is the first 
time, we have covered the metabolism of this impor-
tant element in photosynthetic systems.

Published Volumes (2007–1994) in the Series are:

● Volume 25 (2006): Chlorophylls and Bacteriochlo-
rophylls: Biochemistry, Biophysics, Functions and 
Applications, edited by Bernhard Grimm, Robert 
J. Porra, Wolfhart Rüdiger, and Hugo Scheer, from 
Germany and Australia. 37 Chapters, 603 pp, Hard-
cover. ISBN: 978-1-4020-4515-8

● Volume 24 (2006): Photosystem I: The Light-
Driven Plastocyanin: Ferredoxin Oxido-
reductase, edited by John H. Golbeck, from 
USA. 40 Chapters, 716 pp, Hardcover. ISBN: 
978-1-4020-4255-3

● Volume 23 (2006): The Structure and Func-
tion of Plastids, edited by Robert R. Wise and J. 
Kenneth Wise, from USA. 27 Chapters, 575 pp, 
Hardcover. ISBN: 978-1-4020-4060-3; Soft-
cover (2007) ISBN: 978-1-4020-6570-5

● Volume 22 (2005): Photosystem II: The Light-
Driven Water:Plastoquinone Oxidoreductase, 
edited by Thomas J. Wydrzynski and Kimiyuki 
Satoh, from Australia and Japan. 34 Chapters, 
786 pp, Hardcover. ISBN: 978-1-4020-4249-2

● Volume 21 (2005): Photoprotection, Photoinhibi-
tion, Gene Regulation, and Environment, edited 
by Barbara Demmig-Adams, William W. III Adams 
and Autar K. Mattoo, from USA. 21 Chapters, 380 
pp, Hardcover. ISBN: 978-1-4020-3564-7

● Volume 20 (2006): Discoveries in Photosyn-
thesis, edited by Govindjee, J. Thomas Beatty, 
Howard Gest and John F. Allen, from USA, 
Canada and UK. 111 Chapters, 1304 pp, Hard-
cover. ISBN: 978-1-4020-3323-0

● Volume 19 (2004): Chlorophyll a Fluores-
cence: A Signature of Photosynthesis, edited 
by George C. Papageorgiou and Govindjee, 
from Greece and USA. 31 Chapters, 820 pp, 
Hardcover. ISBN: 978-1-4020-3217-2

● Volume 18 (2005): Plant Respiration: From 
Cell to Ecosystem, edited by Hans Lambers and 
Miquel Ribas-Carbo, from Australia and Spain. 
13 Chapters, 250 pp, Hardcover. ISBN: 978-1-
4020-3588-3

● Volume 17 (2004): Plant Mitochondria: From 
Genome to Function, edited by David Day, A. 
Harvey Millar and James Whelan, from Aus-
tralia. 14 Chapters, 325 pp, Hardcover. ISBN: 
978-1-4020-2399-6

● Volume 16 (2004): Respiration in Archaea and 
Bacteria:Diversity of Prokaryotic Respiratory 
Systems, edited by Davide Zannoni, from Italy. 
13 Chapters, 310 pp, Hardcover. ISBN: 978-1-
4020-2002-5

● Volume 15 (2004): Respiration in Archaea and 
Bacteria: Diversity of Prokaryotic Electron 
Transport Carriers, edited by Davide Zannoni, 
from Italy. 13 Chapters, 350 pp, Hardcover. 
ISBN: 978-1-4020-2001-8

Advances in Photosynthesis and Respiration
Volume 27: Sulfur Metabolism in 

Phototrophic Organisms
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● Volume 14 (2004): Photosynthesis in Algae, 
edited by Anthony W. Larkum, Susan Douglas 
and John A. Raven, from Australia,  Canada and 
UK. 19 Chapters, 500 pp, Hardcover. ISBN: 
978-0-7923-6333-0

● Volume 13 (2003): Light-Harvesting Anten-
nas in Photosynthesis, edited by Beverley 
R. Green and William W. Parson, from  Canada 
and USA. 17 Chapters, 544 pp, Hardcover. 
ISBN: 978-0-7923-6335-4

● Volume 12 (2003): Photosynthetic Nitrogen 
Assimilation and Associated Carbon and Respi-
ratory Metabolism, edited by Christine H. Foyer 
and Graham Noctor, from UK and France. 16 
Chapters, 304 pp, Hardcover. ISBN: 978-0-7923-
6336-1

● Volume 11 (2001): Regulation of Photosynthe-
sis, edited by Eva-Mari Aro and Bertil Anders-
son, from Finland and Sweden. 32 Chapters, 640 
pp, Hardcover. ISBN: 978-0-7923-6332-3

● Volume 10 (2001): Photosynthesis Photobio-
chemistry and Photobiophysics, by Bacon Ke, 
from USA. 36 Chapters, 792 pp, Softcover: 
ISBN: 978-0-7923-6791-8. Hardcover: ISBN: 
978-0-7923-6334-7

● Volume 9 (2000): Photosynthesis: Physiology and 
Metabolism, edited by Richard C. Leegood, Tho-
mas D. Sharkey and Susanne von Caemmerer, 
from UK, USA and Australia. 24 Chapters, 644 pp, 
Hardcover. ISBN: 978-0-7923-6143-5

● Volume 8 (1999): The Photochemistry of Car-
otenoids, edited by Harry A. Frank, Andrew J. 
Young, George Britton and Richard J. Cogdell, 
from UK and USA. 20 Chapters, 420 pp, Hard-
cover. ISBN: 978-0-7923-5942-5

● Volume 7 (1998): The Molecular Biology of Chlo-
roplasts and Mitochondria in Chlamydomonas, 
edited by Jean David Rochaix, Michel Gold-
schmidt-Clermont and Sabeeha Merchant, from 
Switzerland and USA. 36 Chapters, 760 pp, 
Hardcover. ISBN: 978-0-7923-5174-0

● Volume 6 (1998): Lipids in Photosynthesis: 
Structure, Function and Genetics, edited by 
Paul-André Siegenthaler and Norio Murata, 
from Switzerland and Japan. 15 Chapters, 332 
pp, Hardcover. ISBN: 978-0-7923-5173-3

● Volume 5 (1997): Photosynthesis and the Envi-
ronment, edited by Neil R. Baker, from UK. 
20 Chapters, 508 pp, Hardcover. ISBN: 978-0-
7923-4316-5

● Volume 4 (1996): Oxygenic Photosynthesis: The 
Light Reactions, edited by Donald R. Ort, and 
Charles F. Yocum, from USA. 34 Chapters, 696 
pp, Softcover: ISBN: 978-0-7923-3684-6. Hard-
cover: ISBN: 978-0-7923-3683-9

● Volume 3 (1996): Biophysical Techniques in 
Photosynthesis, edited by Jan Amesz and Arnold 
J. Hoff, from The Netherlands. 24 Chapters, 426 
pp, Hardcover. ISBN: 978-0-7923-3642-6

● Volume 2 (1995): Anoxygenic Photosynthetic 
Bacteria, edited by Robert E. Blankenship, 
Michael T. Madigan and Carl E. Bauer, from 
USA. 62 Chapters, 1331 pp, Hardcover. ISBN: 
978-0-7923-3682-8

● Volume 1 (1994): The Molecular Biology of 
Cyanobacteria, edited by Donald R. Bryant, 
from USA. 28 Chapters, 916 pp, Hardcover. 
ISBN: 978-0-7923-3222-0

Further information on these books and ordering 
instructions can be found at <http://www.springer 
online.com> under the Book Series ‘Advances in 
Photosynthesis and Respiration.’ Table of Con-
tents of Volumes 1–25 can be found at <http://
www.life.uiuc.edu/govindjee/photosynSeries/
ttocs.html>. Special discounts are available to 
members of the International Society of Photo-
synthesis Research, ISPR (<http://www.photo-
synthesisresearch.org/>).

Other Volumes, at the typesetters are:

●  Biophysical Techniques II (Editors: Thijs 
Aartsma and Jörg Matisyk) (expected to be Vol-
ume 26) ; and

●  The Purple Phototrophic Bacteria (Editors: 
C. Neil Hunter, Fevzi Daldal, Marion Thurnauer 
and J. Thomas Beatty).

About Volume 27: Sulfur Metabolism 
in Phototrophic Organisms

Sulfur Metabolism in Phototrophic Organisms 
has 24 authoritative Chapters, and is authored by 
55 international authorities from 10 countries 
(Australia, Canada, Denmark, Germany, Israel, Italy, 
Japan, Netherlands, United Kingdom, United 
States of America). It is a truly an international 
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book and the editors deserve our thanks and our 
congratulations this gift for our future.

Sulfur is one of the most versatile elements 
in life due to its reactivity in different oxidation 
and reduction states. In phototrophic organisms, 
the redox properties of sulfur in proteins, and of 
sulfur-containing metabolites, are particularly 
important in the interaction between the reductive 
assimilation processes of photosynthesis and reac-
tive oxygen species that arise as by-products of 
electron transport chains. Thiol groups in proteins 
and metabolites are targets of reactive oxygen 
species, resulting in potential damage and at the 
same time giving rise to redox signal cascades that 
trigger repair reactions and adaptation to environ-
mental stress. Further, reduced sulfur compounds 
play a prominent role as electron donors for pho-
tosynthetic carbon dioxide fixation in anoxygenic 
phototrophic sulfur bacteria. Interest in the inves-
tigation of the multiple functions of sulfur-related 
processes has exponentially increased in recent 
years, especially in molecular and cellular biology, 
biochemistry, agrobiotechnology and ecology. 
This book provides, for the first time, in-depth and 
integrated coverage of the functions of sulfur in 
phototrophic organisms including bacteria, plants 
and algae; it bridges gaps between biochemistry 
and cellular biology of sulfur in these organisms, 
and of biology and environments dominated by 
them. This book is designed to be a comprehen-
sive resource on sulfur in phototrophic organisms 
for advanced undergraduate and graduate students, 
beginning researchers and teachers in the area of 
photosynthesis, bacterial energy metabolism, bio-
technology, plant nutrition, plant production and 
plant molecular physiology.

The readers can easily find the titles and the 
authors of the individual chapters in the Table of 
Contents of this book. Instead of repeating this 
information here, I prefer to thank each and every 
author by name (listed in alphabetical order) that 
reads like a “Who’s Who in Sulfur Metabolism in 
Phototrophic Organisms”:

Christoph Benning; Don Bryant; Meike Burow; 
Leong-Keat Chan; Christiane Dahl; Luit De Kok; 
Mark D. Fricker; Niels-Ulrik Frigaard; R. Michael 
Garavito; Jonathan Gershenzon; Mario Giordano; 
Arthur Grossman; Robert Hänsch; Thomas E. Han-
son; Günther Hauska; Malcolm J. Hawkesford; Rüdi-
ger Hell; Cinta Hernández-Sebastià; Holger Hesse; 

Rainer  Hoefgen; Josef Hormes; Timothy J.Hurse; 
Johannes Imhoff; Ulrike Kappler; Patrick Keeling; 
Jürg Keller; David Knaff; Stanislav Kopriva; Tho-
mas Leustek; Frédéric Marsolais; Ralf R. Mendel; 
Andreas Meyer; Hartwig Modrow; Rachael Mor-
gan-Kiss; Alessandra Norici; Jörg Overmann; Lolla 
Padmavathi; Nicola Patron; Marinus Pilon; Eliza-
beth A. H. Pilon-Smits; Alexander Prange; Simona 
Ratti; Thomas Rausch; John A. Raven; Kazuki Saito; 
Yosepha Shahak; Nakako Shibagaki; Mie Shimojia; 
Hideki Takahashi; Michael Tausz; Luc Varin; Markus 
Wirtz; Ute Wittstock; Hong Ye; Fangjie Zhao.

Timeline for Sulfur in Phototrophic 
Organisms

A timeline of discoveries is one way to assess 
the progress and the status of a field. See for 
example:

● Howard Gest H and Robert E. Blankenship (2005) 
Time line of discoveries: anoxygenic photosynthe-
sis. In: Govindjee, Beatty JT, Gest H and Allen JF 
(eds) Discoveries in Photosynthesis. Advances in 
Photosynthesis and Respiration, vol 20. Springer, 
Dordrecht, pp 51–62.

● Govindjee and Krogmann DW (2005) Discov-
eries in oxygenic photosynthesis (1727–2003): 
a perspective. In: Govindjee, Beatty JT, Gest H 
and Allen JF (eds) Discoveries in Photosynthesis. 
Advances in Photosynthesis and Respiration, vol 
20. Springer, Dordrecht, pp 63–105.

Below, we provide a timeline for sulfur in photo- 
trophic organisms (courtesy of Rüdiger Hell):

1836: Christian Gottfried Ehrenberg describes 
the discovery of the first purple sulfur bacteria 
“Monas okenii” and “Ophidomonas jenensis”
1861 and 1882: Sulfate is found to be an essen-
tial plant mineral nutrient by German plant phys-
iologists J.A.L.W. Knoop and J. v. Sachs using 
hydroponic cultures

1872 and 1875: The German botanist founder of 
bacterial systematics, Ferdinand Cohn, unequivo-
cally proved that the cellular inclusions of the above 
purple bacteria consisted of elemental sulfur

1883: Theodor W. Engelmann discovered and 
described action spectrum of photosynthesis in 
purple bacteria
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1919: Johannes Buder confirmed Engelmann’s 
theories that the purple bacteria perform a photo 
synthetic metabolism. They assimilate carbon diox-
ide or organic compounds anaerobically in the light

1931: The definite proof for the phototrophic 
nature of the purple and green sulfur bacteria, 
by the Dutch American microbiologist Cornelis 
B. van Niel, working in Pacific Grove, CA: For 
the phototrophic sulfur bacteria the reducing 
agent is hydrogen sulfide (or sulfur or thiosul-
fate) and for the photosynthesis of plants, algae 
and cyanobacteria, it is water, with the oxidation 
products being molecular sulfur (and/or sulfate) 
and molecular oxygen, respectively

1966: Research on enzymology of oxidative 
sulfur metabolism started with reports of adeno-
sine phosphosulfate reductase in purple sulfur 
bacteria (Harry D. Peck, O.W. Thiele and Hans 
G. Trüper)

1973: Jerome Schiff begins to identify the eukary-
otic sulfate assimilation pathway in Euglena

1988 and 1995: First genetics in green (John 
Ormerod) and purple sulfur bacteria (Christiane 
Dahl)

1996: Tom Leustek and John Wray isolate 
genes for adenosine phosphosulfate reductase, 
the decisive enzyme in plant sulfate reduction

2002: The first genome sequence of a green sulfur 
bacterium by Jonathan A. Eisen and coworkers

Books, that are relevant to Sulfur metabolism, 
arranged chronologically since 1970 (courtesy 
of Rüdiger Hell).

Researchers and lecturers who wish to examine all 
published material in the area of sulfur metabolism 
in plants, algae and bacteria would benefit by con-
sulting all of the following books listed below.

1970: A.B. Roy and P.A. Trudinger (eds.) (1970) 
The Biochemistry of Inorganic Compounds of 
Sulphur. Combridge University Press, London.

1984: A. Müller and B. Krebs (eds.) (1984) 
Sulfur, its significance for chemistry, for the 
geo-, bio- and cosmosphere and technology. Else-
vier, Amsterdam.

1998: E. Schnug (ed.) (1998) Sulphur in Agro- 
ecosystems. Series: Nutrients in Ecosystems, 
Vol. 2. Springer, New York.

2000: P. Lens and L.H. Pol (2000) Environ-
mental technologies to treat sulfur pollution. IWA 
Publishing, London.

2003: R. Steudel (ed.) (2003) Elemental sulfur 
and sulfur-rich compounds I & II. Series: Topics 
in Current Chemistry, Vols. 230 & 231. Springer, 
New York.
 Y. P. Abrol and A.C. Ahmad (eds.) (2003) Sul-
phur in plants. Springer, New York.

2005: K. Saito, L.J. DeKok, M.J. Hawkesford, 
E. Schnug, A. Sirko and H. Rennenberg (eds.) 
(2005) Sulfur Transport and Assimilation in Plants 
in the Post-Genomic Era. Backhuys Publ., Leiden.

2007: C. Dahl and C.G. Friedrich (eds.) 
(2007) Microbial sulfur metabolism. Springer, 
New York.
 Hawkesford M and De Kok LJ (2007) Sulfur 
in Plants. An Ecological Perspective. Springer, 
London.

Future AIPH and Other Related Books
The readers of the current series are encouraged to 
watch for the publication of the forthcoming books 
(not necessarily arranged in the order of future 
appearance):
● Abiotic Stress Adaptation in Plants: Physio-

logical, Molecular and Genomic Foundation 
(Editors: Ashwani Pareek, Sudhir K. Sopory, 
Hans J. Bohnert and Govindjee);

● C-4 Photosynthesis and Related CO2 Con-
centrating Mechanisms (Editors: Agepati S. 
Raghavendra and Rowan Sage);

● The Chloroplast Biochemistry, Molecular 
Biology and Bioengineering, Part 1and Part 
2 (Editors: Constantin Rebeiz, Hans Bohnert, 
Christoph Benning, Henry Daniell, Beverley 
R. Green, J. Kenneth Hoober, Hartmut Lich-
tenthaler, Archie R. Portis and Baishnab C. 
Tripathy);

● Photosynthesis: Biochemistry, Biophysics, 
Physiology and Molecular Biology (Editors: 
Julian Eaton-Rye and Baishnab Tripathy);

● Photosynthesis In Silico: Understanding 
Complexity from Molecules to Ecosystems 
(Editors: Agu Laisk, Ladislav Nedbal and 
Govindjee).

In addition to these contracted books, we are in 
touch with prospective Editors for the following 
topics, among others:
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● Ecophysiology
● Molecular Biology of Cyanobacteria II
● Interaction of Photosynthesis and Respiration in 

Cyanobacteria
● ATP Synthase and Proton Translocation
● Interactions between Photosynthesis and other 

Metabolic Processes in Higher Plants
● Genomics, Proteomics and Evolution
● Biohydrogen Production
● Lipids II
● Carotenoids II
● Green Bacteria and Heliobacteria
● Global Aspects of Photosynthesis
● Artificial Photosynthesis

Readers are encouraged to send their sugges-
tions for these and future Volumes (topics, 
names of future editors, and of future authors) 
to me by E-mail (gov@uiuc.edu) or fax 
(1-217-244-7246).

In view of the interdisciplinary character of research 
in photosynthesis and respiration, it is my earnest 
hope that this series of books will be used in 

 educating students and researchers not only in Plant 
Sciences, Molecular and Cell Biology, Integrative 
Biology, Biotechnology, Agricultural Sciences, 
Microbiology, Biochemistry, and Biophysics, but 
also in Bioengineering, Chemistry, and Physics.

I take this opportunity to thank and congratu-
late all the four editors (Rüdiger Hell, Christiane 
Dahl, David Knaff, and Thomas Leustek) for their 
outstanding and painstaking editorial work. I 
thank all the 55 authors (see the list above) of this 
book in our AIPH Series: without their authorita-
tive chapters, there would be no such Volume.

I thank Rüdiger Hell for his contribution to the 
Timeline of Sulfur in plant, algal and bacterial 
metabolism and for providing the list of books on 
this topic, cited above. We owe Jacco Flipsen and 
Noeline Gibson (both of Springer) thanks for their 
friendly working relation with us that led to the 
production of this book. Thanks are also due to Jeff 
Haas (Director of Information Technology, Life 
Sciences, University of Illinois at Urbana-Cham-
paign, UIUC), Evan DeLucia (Head, Department 
of Plant Biology, UIUC) and my dear wife Rajni 
Govindjee for constant support.

October 24, 2007
Govindjee

Series Editor, Advances in Photosynthesis and 
Respiration

University of Illinois at Urbana-Champaign
Department of Plant Biology

Urbana, IL 61801-3707, USA
E-mail: gov@uiuc.edu

URL: http://www.life.uiuc.edu/govindjee
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Govindjee, born in 1932, obtained his B.Sc. 
(Chemistry, Biology) and M.Sc. (Botany, Plant 
Physiology) in 1952 and 1954, from the Uni-
versity of Allahabad, India. He learned his Plant 
Physiology from Prof. Shri Ranjan, who was a 
former student of Felix Frost Blackman. For his 
Ph.D. (in Biophysics, 1960), he studied under the 
pioneers of photosynthesis: Profs. Robert Emer-
son and Eugene Rabinowitch, both at the Univer-
sity of Illinois at Urbana-Champaign (UIUC), IL, 
U.S.A. He considers Eugene Rabinowitch as his 
main role model and his mentor.

Govindjee is best known for his research on 
the mechanisms of excitation energy transfer, 
light emission, the primary photochemistry 
and the electron transfer in Photosystem II (PS 
II). His research, with many collaborators, has 
included the discovery of a short-wavelength 
form of chlorophyll (Chl) a functioning in the 
Chl b-containing system, now called PS II; of 
the two-light effects in Chl a fluorescence and in 
NADP (nicotinamide dinucleotide phosphate) 
reduction in chloroplasts (Emerson Enhance-
ment). Further, he has worked on the existence 
of different spectral fluorescing forms of Chl a 
and the temperature dependence of excitation 
energy transfer down to 4 K; basic relation-
ships between Chl a fluorescence and photo-
synthetic reactions; unique role of bicarbonate 
on the acceptor side of PS II, particularly in 
the protonation events involving the Q

B
 bind-

ing region; the theory of thermoluminescence 
in plants; picosecond measurement on the 

 primary photochemistry of PS II; and the use 
of Fluorescence Lifetime Imaging Microscopy 
(FLIM) of Chl a fluorescence in understanding 
photoprotection against excess light.

Govindjee’s current focus is on the ‘History 
of Photosynthesis Research,’ in ‘Photosynthe-
sis Education,’ and in the ‘Possible Existence of 
Extraterrestrial Life.’ He is the founding Histori-
cal Corner Editor of ‘Photosynthesis Research’, 
and the founding Series Editor of ‘Advances in 
Photosynthesis and Respiration’. He has served 
on the faculty of the UIUC for ~ 40 years. Since 
1999, he has been Professor Emeritus of Bio-
chemistry, Biophysics and Plant Biology at the 
same institution. His honors include: Fellow of 
the American Association of Advancement of 
Science (AAAS); Distinguished Lecturer of the 
School of Life Sciences, UIUC; Fellow and Life 
member of the National Academy of Sciences 
(India); President of the American Society for 
Photobiology (1980–1981); Fulbright Scholar 
and Fulbright Senior Lecturer; Honorary Presi-
dent of the 2004 International Photosynthesis 
Congress (Montréal, Canada); the 2006 recipi-
ent of the Lifetime Achievement Award from the 
Rebeiz Foundation for Basic Biology, and most 
recently, the 2007 recipient of the ‘Communica-
tions Award’ of the International Society of Pho-
tosynthesis Research (ISPR).

Further information on Govindjee and his 
research can be found at his web site: http://
www.life.uiuc.edu/govindjee. He can always be 
reached by e-mail at gov@uiuc.edu. 

Left to right: Govindjee (Series Editor), Julian Eaton-Rye (Editor of a future volume in the Series), and 
Thomas Wydrzynski (Editor of Volume 22 in the Series). Photo taken at the 14th International Congress 
on  Photosynthesis, July, 2007.
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Sulfur is one of the most versatile elements in 
life due to its reactivity in different oxidation 
and reduction states. In phototrophic organisms, 
the redox properties of sulfur in proteins, and of 
sulfur- containing metabolites, are particularly 
important for the mediation between the reduc-
tive assimilation processes of photosynthesis and 
reactive oxygen species that arise as byproducts of 
electron transport chains in chloroplasts and mito-
chondria. Further, reduced sulfur compounds play 
a prominent role as electron donors for photosyn-
thetic carbon dioxide fixation in anoxygenic pho-
totrophic sulfur bacteria. Indeed, sulfur together 
with iron may be assumed to have contributed 
to early electron transport processes in protolife. 
Reductive atmospheric conditions before the 
invention of oxygenic photosynthesis probably 
promoted the functional evolvement of processes 
based on the redox properties of the different oxi-
dation states of sulfur. When the atmospheric envi-
ronment became oxidative as a consequence of the 
effective development of photosynthesis in bacte-
ria and later in algae and plants, the cellular milieu 
remained reductive. Reduced sulfur moieties such 
as cysteine and methionine changed into targets 
of abundant reactive oxygen species that were 
derived from respiration or photosynthesis. It is 
still a matter of speculation whether defense reac-
tions to prevent oxidation led to the development 
of redox signal transduction. Interest in the investi-
gation of such dualistic functions of sulfur-related 
processes has exponentially increased in recent 
years, especially in molecular and cellular biology, 
biochemistry, agrobiotechnology and ecology.

Sulfur metabolism is thus of truly elemental 
importance for life, but complex in its biochemi-
cal, biophysical and metabolic functions. The 
editors of this book come from different back-
grounds (biochemistry, microbiology, plant 
physiology, molecular biology) and joined their 
efforts to provide a comprehensive overview of 
Sulfur Metabolism in Phototrophic Organisms. 
The aim was to present a definitive volume 
on sulfur metabolism in phototrophic eukaryo-
tes (plants, algae) and prokaryotes (anoxygenic 
and oxygenic phototrophic bacteria). The most 
recent informations available in these fields 
have been compiled. Contributors had the free-

dom to develop their topics in depth, and we feel 
that nothing significant in this field has been 
neglected.

The book is organized along four major themes: 
(1) sulfate activation and reduction, biosynthe-
sis of sulfur containing amino acids, (2) sulfur 
in plants and algae, (3) sulfur in phototrophic 
prokaryotes, and (4) ecology and biotechnology. 
For each theme several chapters contributed by 
leading experts in the field are combined to yield 
a detailed picture of the current state of art.

A comprehensive volume combining the 
aspects of sulfur metabolism not only in eukaryo-
tic phototrophs but also in phototrophic bacteria 
has never been published. Here, we try to empha-
size the common characteristics of the processes 
of assimilatory sulfate reduction in eukaryotic 
and prokaryotic phototrophs. Ample parallels are 
also found in the uptake of sulfate into the cell, 
sulfation pathways, in the biosynthetic pathways 
of sulfur-containing amino acids, or sulfur dona-
tion reactions in the biosynthesis of other sulfur-
containing cell constituents.

This book provides for the first time a compre-
hensive and integrated knowledge of the functions 
of sulfur in phototrophic organisms including bac-
teria, plants and algae; it bridges gaps between 
biochemistry and cellular biology of sulfur in 
these organisms, and of biology and environments 
dominated by them. Specialized functions of sul-
fur in animals in reductive environments such as 
sediments have purposely been omitted. As the 
contents of this book have been compiled for plant 
scientists, agronomists and microbiologists alike, 
we see an ideal opportunity to unite the common 
interest in sulfur meta-bolism. Many plant sci-
entists might not be aware of the important role 
sulfur compounds play in anoxygenic sulfur bac-
teria where they serve as photosynthetic electron 
donors. In order to provide the reader specializing 
in plant issues with a comprehensive introduction 
into and overview about various groups of anoxy-
genic phototrophic bacteria, we included chapters 
about systematics and ecology of anoxygenic 
phototrophic bacteria. In other chapters the role 
of sulfur compounds for these organisms and the 
biochemistry of dissimilatory sulfur transforma-
tions in this group are described in depth.
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We hope this book will be of use for advanced stu-
dents as well as teachers and researchers in the fields 
of photosynthesis, bacterial energy metabolism, 
plant nutrition, plant production and plant molecular 
physiology and stimulates further research to close 
the gaps of our knowledge on sulfur in plants.
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field and has generously offered the time and effort 
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they put up with the inevitable delays in publica-
tion. We also acknowledge the help received from 
Noeline Gibson and Jacco Flipson (of Springer). 
And, of course, we wish to thank the series editor 
Govindjee. His patience, good humor and profes-
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scientific and cultural spirit at Berkeley enabled 
him to extend experiments to the regulation of 
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chloroplasts and the cytosol. This became his 
major research area and led him to choose  primary 

sulfur metabolism for investigation which at that 
time was hardly understood.

In 1993 he returned to Germany to take a 
position as research group leader at the Depart-
ment of Plant Physiology at the Ruhr-University 
Bochum, where he was allowed to independ-
ently follow his ideas on cloning genes of plant 
sulfur metabolism. The aim was to establish the 
regulatory mechanism that control this pathway 
and relate it to the network of primary assimi-
latory pathways of carbon and nitrogen. Again 
funded by DFG, he set up a research program and 
quickly provided evidence for the significance 
of protein–protein interaction in the cysteine 
synthase complex. Within five years of intense 
teaching and research, the license of university 
teaching (Habilitation) was achieved in 1998. In 
order to broaden his research interest Rüdiger 
Hell accepted a position as head of the Molecular 
Mineral Assimilation group at the Leibniz-Insti-
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is a sensor for sulphide in plant cells, that glutath-
ione is a part of signal transduction of cellular redox 
state, and that sulfur metabolism has an important 
and special role in mounting the plant’s defence 
against pathogens. Rüdiger Hell has served as Dean 
of the Faculty of Biosciences at Heidelberg from 
2005 to 2007, and continues to regularly review for 
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Rüdiger Hell’s work is funded by DFG and the 
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is indebted to the lively and excellent fellows 
in his research group and the Heidelberg Insti-
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to his wife, Dr. Helke Hillebrand, who always 
supported him and advises him best when life 
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genes were employed. In the meantime, this pur-
ple sulfur bacterium had been developed into a 
model for studying oxidative sulfur metabolism. 
In 1999, she completed her Habilitation in Micro-
biology at the University of Bonn. The exper-
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reactions involved in the early stages of sulfate 
and nitrate assimilation in oxygenic photosyn-
thetic organisms, with a particular emphasis on 
enzymes that use reduced ferredoxin as an elec-
tron donor. His interest in ferredoxin-dependent 
enzymes led, with considerable assistance from 
Peter Schürmann and Bob Buchanan, to opening 
a new area of investigation in his lab at Texas 
Tech in redox- regulation of enzyme activity 
and gene expression in systems related to the 
chloroplast ferredoxin/thioredoxin system. The 
thioredoxin work produced extremely reward-
ing collaborations with the research groups of  
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Fig. 2. Three-dimensional structures of prokaryotic SAT and OAS-TL. The figure depicts the overall homomeric quaternary 
structure of SAT (A) and OAS-TL (D). In both cases the monomers are shown in different colours in order to illustrate the steri-
cal position of the monomers. Each SAT monomer (B) consists of an α-helical domain (green), a β-sheet domain (golden) that 
included a random coil loop (red) and the C-terminal tail (dark blue), which is responsible for CSC formation. Please note that 
the last 11 amino acid residues of the C-terminal tail are missing in the structural presentation, since they were not solved by 
X-ray crystallography. (C) Top view on an SAT trimer, where α-helical domains are deleted for better overview. The active site 
of SAT lies in between the β-sheet domain of two monomers, thus a SAT ‘dimer of trimers’ (A) contains six independent active 
sites. The most important residues for binding of substrates and the enzymatic activity are named and shown in sticks. Each 
OAS-TL monomer (E) of the native OAS-TL dimer (B) contains one PLP (red) that is bound via an internal Schiff base by Lys41. 
The asparagine loop, which is important for substrate binding and induction of the global conformational change of OAS-TL 
during catalysis is shown in dark blue. The green colour indicates the β8a–β9a loop that seems to be important for interaction 
with SAT. Both structural elements are in close proximity to the active site of OAS-TL (F). Important residues for binding of 
substrates and the enzymatic activity are highlighted in F. The software UCSF Chimera V1.2422 (University of California, San 
Francisco) was used to visualize SAT (pdb: 1T3d) and OAS-TL (pdb: 1OAS). See Chapter 4, p. 67.
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Fig. 1. Typical composition of a pelagic community of phototrophic and chemotrophic bacteria. Samples from the chemocline 
of dimictic Lake Dagow (North Brandenburg, Eastern Germany; obtained in September 2006) were left overnight after sam-
pling for sedimentation of microbial cells. A. Purple sulfur bacteria (psb) containing numerous yellowish sulfur droplets. Pr, 
brown-colored phototrophic consortium “Pelochromatium roseum” in a partically disaggregated state. B. Brown- and green 
colored forms of Chlorobium clathratiforme (Ccl) and platelet-like microcolony of the purple sulfur bacterium Thiopedia 
rosea (Tr). C. Intact “Pelochromatium roseum” (Pr), one disintegrated phototrophic consortium “Chlorochromatium aggrega-
tum” (Ca). Green-colored epibionts surround the central chemotrophic bacterium. Tr, Thiopedia rosea; Cn, filamentous green 
bacterium Chloronema sp. (Chloroflexaceae); Plr, filamentous cyanobacterium Planktothrix rubescens. Highly refractile and 
irregular intracellular regions in the latter three bacteria are gas vacuoles. Bar, 10 µm. See Chapter 19, p. 377.
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Fig. 2. In situ labeling of glutathione in plant cells. All cells and tissues were labeled with 100 µM MCB (green). (a) and (b) 
Optical sections through Arabidopsis roots show vacuolar sequestration of GSB. Initial labeling in the cytosol (a) is followed by 
vacuolar sequestration of GSB (b). The sequestration appears to occur faster in epidermal cell files (E) than in cortex cells (C). 
Bar = 50 µm. (c) and (d) Arabidopsis suspension culture cells stained with MCB and propidium iodide (PI) for cell walls and 
plasma membrane integrity (red). The MCB label appeared first in the cytosol after 5 min (c) and was completely sequestrated 
to the vacuole after 60 min (d). Bars = 20 µm. (e) and (f) Tobacco guard cells stained with MCB. In addition to bimane autofluo-
rescence from chloroplasts is detected (red). Initial labeling in the cytosol after 5 min (e) and complete vacuolar sequestration of 
GSB after 60 min (f). Bars = 20 µm. (g) Tobacco trichome labeled with MCB, 50 µM PI (red) and 10 µM Hoechst 33258 (blue) 
for 30 min. Bar = 10 µm. See Chapter 24, p. 490.
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Fig. 6. Inhibition of glutathione biosynthesis causes oxidation of roGFP2. Arabidopsis seeds transformed with roGFP2 were 
germinated on Agar plates with or without 1 mM BSO for 7 days and imaged for the redox status of roGFP2 and GSH levels. 
All images are maximum projections from stacks of serial optical sections. The ratio images show analysis of control roots (a) 
and roots grown on 1 mM BSO (b). The color scale shows the pseudocolor coding for reduced (blue) and oxidized roGFP2 (red). 
Bars = 100 µm. See Chapter 24, p. 493.
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Summary

Sulfur is one of the most versatile elements in life due to its reactivity in different oxidation and  reduction 
states. In phototrophic organisms, the redox properties of sulfur in proteins and of sulfur-containing 
metabolites are particularly important for the mediation between the  reductive assimilation processes of 
photosynthesis and reactive oxygen species that arise as by-products of electron transport chains in chlo-
roplasts and mitochondria. Further, reduced sulfur compounds play a prominent role as electron donors 
for photosynthetic carbon dioxide fixation in anoxygenic phototrophic sulfur bacteria. The assimilatory 
process is part of the biological sulfur cycle that is completed by dissimilation of reduced sulfur com-
pounds. In contrast to the assimilatory  provision of sulfur-containing cell constituents that is found in 
most taxonomic groups, dissimilation is restricted to prokaryotes and serves energy-yielding processes 
where sulfur compounds are donors or acceptors of electrons. Interest in the investigation of the multiple 
functions of sulfur-related processes has exponentially increased in recent years, especially in molecular 
and cellular biology, biochemistry, agrobiotechnology and ecology. 

I. Introduction

Sulfur occurs in several stable oxidation states 
and exhibits high reactivity in reduced forms. It 
has been speculated that, due to the  comparatively 
easy electron transfer properties of sulfide, iron–
sulfur clusters served as first electron transport 
systems for protolife of the early earth. Today 
Fe/S clusters provide the basis for the indispensa-
ble energy-generating processes of life. Sulfide-
based redox systems have been maintained as 
detoxification mechanism for reactive oxygen 
species (such as glutathione) but also as a signal-
ling mechanism (such as control of Calvin Cycle 
in photosynthesis) during the transition from a 
reducing to an oxidative environment brought 
about by the development of photosynthesis. It 
probably was this transition that gave rise to the 
evolution of oxygen-dependent metabolic path-
ways (Falkowski, 2006). Although sulfur is the 
element with the highest number of allotropes, 
only a few occur in biological systems. The major 
available forms of sulfur in nature are  sulfate 
or sulfide in water and soil and sulfur dioxide 
in the atmosphere (Brown, 1982; Middelburg, 
2000). Thiosulfate, polythionates, sulfoxides and 
 elemental sulfur play a smaller but significant 
role. Sulfur in a nonpolymeric form is abundant 
in all organisms, appearing in many different 
organic compounds with highly diverse biologi-

cal functions such as amino acids, (poly)peptides, 
enzyme cofactors, antibiotics (penicillin), sulfoli-
pids’ vitamins or carbohydrates (Postgate, 1968; 
Dick, 1992; Falbe and Regitz, 1995). The ubiqui-
tous occurrence of organic disulfanes like  cystine 
and oxidized glutathione is well established, while 
the rather widespread natural  occurrence of  tri- 
and higher polysulfanes with organic  substituents 
has only relatively recently been demonstrated 
(Steudel and Kustos, 1994). In  contrast, the 
 biological roles of inorganic sulfur compounds 
are rather restricted: either they serve as sources 
for sulfur assimilation and incorporation into the 
above mentioned organic compounds, or they 
are employed as donors or acceptors of electrons 
for dissimilatory energy-generating electron 
 transport. Assimilatory sulfur metabolism is very 
common in prokaryotes as well as in plants, algae 
and fungi. Animals, however, are generally not 
able to reduce sulfate. In contrast, dissimilatory 
sulfur-based energy generation with concomitant 
mass transformations occurs almost exclusively 
among prokaryotes (Archaea and Bacteria).

In phototrophic organisms, the redox  properties 
of sulfur in proteins, and of sulfur-containing 
metabolites, are particularly important for the 
mediation between the reductive assimilation proc-
esses of photosynthesis and reactive oxygen spe-
cies that arise as by-products of electron transport 
chains in chloroplasts and mitochondria. Reduced 
sulfur compounds also play an important role as 
electron donors for photosynthetic carbon dioxide 
fixation in anoxygenic phototrophic sulfur bacteria. 
The utilization of sulfur compounds is – though to 
a different extent – common to all groups of pho-

Abbreviations: APS - adenosine 5′-phosphosulfate; DMSP 

- dimethylsulfonium propionate; PAPS - 3′-phosphoadenosine 

5′-phosphosulfate
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totrophic prokaryotes. Classical in this respect are 
the purple (families Chromatiaceae and Ectothiorh-
dospiraceae) and green sulfur bacteria (phylum 
Chlorobi) all of which utilize reduced sulfur com-
pounds as electron donors. But also a number of 
classical purple nonsulfur bacteria, some members 
of the filamentous  anoxygenic phototrophs (also 
termed green gliding bacteria or green nonsulfur 
bacteria) of the family Chloroflexaceae, and a few 
 representatives of the strictly anaerobic Gram-posi-
tive Heliobacteria are able to oxidize reduced sul-
fur compounds during photosynthesis (see chapter 
15 by Dahl, this book). Even certain species of the 
cyanobacteria can perform anoxygenic photosyn-
thesis at the expense of sulfide as electron donor 
(see chapter by Shahak and Hauska, chapter 16).

In this chapter we will first give a short outline 
of the history of research on functions of sulfur in 
phototrophic organisms and second introduce the 
most important inorganic and organic sulfur com-
pounds occurring in or metabolized by  phototrophic 
prokaryotes and eukaryotes. An overview of the sul-
fur cycle in nature with a focus on the participation 
of phototrophic organisms in the various reactions 
refers to the corresponding chapters of this book. 
The following chapters of the book provide a compi-
lation of our current knowledge on the unique func-
tions of sulfur in the assimilatory and dissimilatory 
lifestyles of the dominant groups of phototrophic 
organisms, plants and phototrophic bacteria.

II. Historical Outline

The elucidation of the relevance of sulfur for pho-
totrophic organisms and the investigation of the 
underlying biochemistry has a very long history. 
Fundamental for all future research on sulfur-oxi-
dizing phototrophic bacteria was the discovery of 
microbial cells with conspicuous inclusions. Two 
groups of microbes were recognized due to color 
(the later Thiospirillum, Chromatium, Lamprocystis) 
and lack of color (Beggiatoa, Thiothrix and Thiovu-
lum). As early as 1786, Müller reported on a “color-
less”, egg-shaped algae with spherical inclusions, 
which was later recognized as a sulfur bacterium 
described as “Monas  muelleri” (Thiovulum muel-
leri) (Warming, 1875). In the 19th century, the pur-
ple sulfur bacterium “Monas vinosa” ( Chromatium 
vinosum, now: Allochromatium vinosum) (Ehren-
berg, 1838; Perty, 1852) and its “inclusions” were 

discovered and described. An additional 30 years 
went by before the inclusions were identified as 
elemental sulfur: In Beggiatoa (C. Cramer in Müller 
(1870)); in Allochromatium vinosum (Cohn, 1875); 
and in Thiovulum muelleri (Warming, 1875). A first 
systematic analysis of uncolored and colored “sul-
fobacteria” was provided by Winogradsky (1887). 
Phototactic studies of colored “sulfobacteria” in 
crude cultures finally provided first evidence for the 
phototrophic nature of these organisms (Engelmann, 
1882; Buder, 1915). Nadson (1906) described the first 
green sulfur bacterium  Chlorobium limicola depos-
iting sulfur globules outside of its cells and Buder 
(1919) did further fundamental work on the physiol-
ogy of purple sulfur bacteria. Good overviews of the 
state of the field at the beginning of the last century 
were provided by Bavendamm (1924) and Bunker 
(1936). The probably most groundbreaking studies 
on the oxidation of sulfur in bacterial photosynthesis 
were done by van Niel (1931, 1936) who showed 
that red (“purple”) and green colored sulfur  bacteria 
perform an  anaerobic anoxygenic photosynthesis 
(carbon dioxide fixation) dependent on the oxidation 
of reduced sulfur compounds, while plants oxidize 
water and evolve oxygen. Following these pioneer-
ing studies, a significant amount of research has 
been done and various techniques and approaches 
have been used to study the  sulfur oxidation path-
ways in phototrophic bacteria. Excellent reviews 
were provided (Trüper and Fischer, 1982; Trüper, 
1984b; Brune, 1989; Trüper, 1989; Brune, 1995). 
The current knowledge on biochemistry and molecular 
biology of sulfur oxidation in anoxygenic phototrophic 
bacteria is summarized in chapters in this book by 
Dahl (chapter 15) and by Frigaard and Bryant 
(chapter 17) their taxonomy and systematics are 
reviewed by Imhoff, and aspects concerning their 
ecophysiology and biotechnological applications 
are discussed by and summarized in the chapters 
by Overmann, chapter 19 and Hurse and Keller, 
chapter 22 respectively.

Assimilatory reduction of sulfate in plants 
and algae had initially mostly been  investigated 
from a nutritional point of view. Sulfate was 
 recognized as the least abundant of the six essen-
tial plant macronutrients and believed to be hardly 
 limiting for growth (Mothes and Specht, 1934). 
The pathway was early on believed to operate 
in chloroplasts and thought to proceed in the 
same pathway as described for  enterobacteria: 
activation of sulfate to form a sulfonucleotide 
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(adenosine 5′-phosphosulfate; APS), followed 
by a second activation step with ATP to form 
3′-phosphoadenosine 5′-phosphosulfate; PAPS); 
a thioredoxin-dependent PAPS reductase then 
forms free sulfite, sulfite reductase uses elec-
trons from NAD(P)H or ferredoxin, respectively, 
and free sulfide is released that is integrated 
into cysteine. However, in the early 1970s this 
concept was challenged by work that used uni-
cellular green algae, cyanobacteria as well as 
Euglena (reviewed in Schmidt and Jäger, 1992). 
The reason for the controversy was the mecha-
nism of the first reduction step in  phototrophic 
organisms: is PAPS the substrate and free sulfite 
released or is APS the substrate and the reaction 
proceeds via an intermediate bound sulfonate 
(APS sulfotransferase)?  Opposing evidence 
was presented for both  alternatives (Abrams 
and Schiff, 1973; Schmidt, 1973;  Brunold and 
Schiff, 1976; Schwenn, 1989). The decisive 
enzymes could, however, never be purified to 
homogeneity which is a prerequisite to avoid 
artifacts caused by the high reactivity of reduced 
sulfur compounds. The exceptions are two 
reports on APS sulfotransferase  purifications 
from Euglena mitochondria (Li and Schiff, 
1991) and the Rhodophyte Porphyra (Kanno 
et al., 1996). Thus the true nature of the reaction 
mechanism remained elusive (reviewed in Hell, 
1997). The issue was only resolved with the 
introduction of molecular biology and the first 
cloning of a APS reductase from  Arabidopsis 
thaliana by functional complementation of 
an E. coli mutant followed by biochemical 
 identification of the enzyme from Lemna (Gutier-
rez-Marcos et al., 1996; Setya et al., 1996; Suter 
et al., 2000). It turned out that APS was the 
major substrate but that the reaction proceeds 
 without stable bound intermediate (except a labile 
enzyme-bound sulfonate; see section IV.A).

Interest in the investigation of the multiple 
functions of sulfur-related processes has expo-
nentially increased in recent years, especially 
in molecular and cellular biology, biochem-
istry, agrobiotechnology and ecology. Sulfate 
uptake, assimilation and formation of metabolic 
sulfur compounds are described in this book, 
together with perspectives on algae, phototrophic 
 microorganisms and the ecology of these organ-
isms. This is not only documented by a steadily 
increasing number of original publications in top 

ranking scientific journals, but also in review arti-
cles (Leustek et al., 2000; Friedrich et al., 2001; 
Hesse and  Hoefgen, 2003; Friedrich et al., 2005; 
Rausch and Wachter, 2005); special journal 
 editions (Hawkesford, 2004; De Kok and Schnug, 
2005; Hell and  Leustek, 2005) and edited mono-
graphs (Abrol and Ahmad, 2005; Saito et al., 
2005; Dahl and Friedrich, 2007; Hawkesford and 
De Kok, 2007). While these resources provide 
highly valuable information on specific aspects, 
the volume  presented here addresses the func-
tions of sulfur in phototrophic life and provides 
context relations between organism groups, novel 
discoveries and methods.

III. Biologically Important Organic 
and Inorganic Sulfur Compounds

Sulfate, (bi-) sulfite, elemental sulfur, thiosulfate, 
(poly-)thionate, elemental sulfur, (poly-)sulfide 
and sulfide are the inorganic sulfur compounds of 
biological relevance (Table 1) which occur in the 
biological sulfur cycle (Trüper, 1984a; Brüser et 
al., 2000). The complexity of sulfur (bio)chemistry 
originates from the many  oxidation states, rang-
ing form −2 to +6, that sulfur atoms can adopt. 
Sulfur compounds of intermediate oxidation 
states can serve either as electron donors or as 
electron acceptors in redox processes. In contrast, 
sulfide and sulfate  cannot be further reduced or 
oxidized, respectively. They are therefore the final 
products of most  sulfur compound reduction or 
oxidation pathways. Furthermore, sulfur tends to 
catenate and forms a variety of chains and rings, 
especially in the zero oxidation state as elemental 
sulfur (Steudel, 2000). At ambient pressure and 
temperature conditions sulfur can exist as rings 
of different sizes (Sn) or as polymeric chains of 
high molecular mass (S

∞
 or Sµ) (Steudel, 1982; 

 Steudel, 2000). For more detailed information on 
sulfur  chemistry, the reader is referred to a number 
of excellent reviews (and references therein) and 
books (Steudel, 1982; Müller and Krebs, 1984; 
Steudel, 1987; 1998; 2000;   2003a; 2003b).

A. Sulfate

Sulfate (SO
4

2−) is formed under aerobic conditions 
from most sulfur compounds which are sensitive to 
oxidation processes. Sulfur compound- oxidizing 
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chemotrophic (aerobic and anaerobic) and 
phototrophic (anaerobic) prokaryotes can 
accelerate oxidative formation of sulfate. Vast 
amounts of sulfate occur dissolved in the oceans 
or in minerals like gypsum (CaSO

4
). In fact, it is 

believed that the sulfur content of seawater has 
 substantially increased over geological times. 
Today’s sulfate concentration in seawater is 
about 28 mmol/l. Sulfate is therefore no limiting 
factor for phytoplankton productivity (Giordano 
et al., 2005; Norici et al., 2005). On the contrary, 
the high sulfate concentrations contribute to 
osmotic problems in marine algae, challenging 
the adaptive strategies of primary and second-
ary sulfur metabolism. Part of these strategies 
is the formation of vast amounts of dimethyl-
sulfonium propionate (DMSP) by marine micro-
algae (see Shibagaki and Grossman, chapter 13). 
Upon breakdown of cells volatile dimethyl-
sulfide is released to the atmosphere where it is 
oxidized to SO

2
 and SO

3

− in aerosol particles. 
The large amounts of oxidized sulfur contrib-
ute  substantially to the biogeochemical cycle of 
sulfur (see Giordano, Norici Ratti, and Raven 
chapter 20). In contrast, most freshwaters con-
tain about 50 times less sulfate, while soil water 
concentrations vary considerably depending on 
mineral composition and climate conditions. 
Thus, in freshwater and terrestric ecosystems 
sulfate availability bears the potential of growth 
limitation at least for algae and plants that might 
be the cause of complex regulatory  systems 
for sulfate uptake (Zhao, Tausz and De Kok, 
Hawkesford, chapter 21).

B. Thiosulfate and Polythionates

Thiosulfate (S
2
O

3

2−) and polythionates (S
n
O

6

2−) 
like tri- or tetrathionate, the salts of sulfane 
disulfonic acids, are structurally related and are 

produced by chemical and biochemical processes 
(Luther et al., 1986; Barrett and Clark, 1987). 
Both types of compounds are present in most soils 
(Barbosa-Jefferson et al., 1998).  Polythionates 
have furthermore been detected in volcanic 
springs and crater lakes (Takano and Watanuki, 
1988), probably as a result of sulfide oxidation 
via thiosulfate. Thiosulfate can be formed by 
nonbiological reaction of sulfite with sulfur or 
polythionates. A further origin of thiosulfate is 
the leaching process where thiosulfate is formed 
by oxidation of sulfidic minerals like FeS

2
, MoS

2
 

or WS
2
 (Schippers and Sand, 1999). Biological 

formation of thiosulfate as a product of taurin 
fermentation or oxidative sulfur metabolism is 
also known (Brune, 1989; Denger et al., 1997). 
Thiosulfate is accepted as a substrate for dissimi-
latory metabolism by most sulfur-oxidizing and 
also many sulfide-producing bacteria (Barrett 
and Clark, 1987). Polythionates can only exist 
at acidic pH values (pH < 6) and in the absence 
of nucleophiles and reducing agents. The sulfur-
rich polythionates are the main constituents of the 
hydrophilic sulfur sols which have been discussed 
as models for bacterial sulfur globules (Steudel, 
1985; Steudel and Albertsen, 1999).

C. Sulfite

Sulfite (SO
3

2−) occurs permanently in hot springs 
where it can be reduced to sulfide by thermophilic 
prokaryotes such as the archaeon Pyrobaculum 
islandicum. Many bacteria can also grow by oxi-
dizing sulfite (e.g., Sulfitobacter) and it can serve 
as electron donor for some metabolically versatile 
phototrophic sulfur oxidizers like Allochromatium 
vinosum (see chapter 15 by Dahl, this book). Sulfite 
is an intermediate in most oxidative pathways and 
is by some organisms excreted into the medium in 
considerable concentrations. Among the  latter are 

Table 1. Biologically relevant inorganic sulfur compounds and their oxidation states.

Compound Chemical formula Sulfur oxidation state

Sulfate SO
4

2− +6
Thiosulfate S

2
O

3

2− +5 (sulfone S)/−1 (sulfane S)
(Poly-)thionates −O

3
S(S)nSO

3

− +5 (sulfone S)/±0 (inner S)
Sulfite SO

3

2− +4
Elemental sulfur Sn (S rings), Sµ or S

∞
 (polymeric S) 0

(Poly-)sulfides Sn
2− −1 (terminal S)/±0 (inner S)

Sulfide HS−/S2− −2
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the purple nonsulfur bacteria Rhodovulum sulfi-
dophilum and Rhodopseudomonas palustris. It 
also occurs as intermediate in assimilatory  sulfate 
reduction, although at low  concentrations due to 
its toxicity. Linked to organic molecules this oxi-
dation state is found in substantial amounts in 
sulfolipids that occur in most phototrophic organ-
isms and a few nonphotosynthetic organisms (see 
Benning et al., this book). Cellular sulfite and, 
indirectly, SO

2
, are oxidized to sulfate in animals 

and plants (see Hänsch and Mendel, chapter 12).

D. Elemental Sulfur

Sulfur is the element with the largest number 
of allotropes (about 30), but only a few are 
found in nature and occur in biological sys-
tems. The homocyclic, orthorhombic crystal-
line α-sulfur (α-S

8
) (cyclo-octasulfur) is the 

most  thermodynamically stable form at standard 
conditions (Roy and Trudinger, 1970; Steudel, 
1996a; Steudel, 1996b). Other sulfur rings from S

6
 

to S
20

 have been synthesized as pure substances, 
of these, S

6
, S

7
, and S

12
 have also been detected 

in samples of biological origin (Steudel, 1987; 
Steudel, 2000). Commercially available sulfur 
consists mainly of S

8
 rings, polymeric sulfur and 

traces of S
7
 rings. The bright yellow color origi-

nates from the small amount of S
7
 rings (Steudel 

and Holz, 1988).  Elemental sulfur occurs in huge 
deposits (e.g., in USA, Mexico, Poland) mostly 
together with calcite, clay, anhydrite or with gyp-
sum and can be found in volcanic areas (Falbe 
and Regitz, 1995; Dahl et al., 2002). Polymeric 
sulfur consists of very long chains of almost all 
sizes (Steudel, 2000). Regardless of the molecu-
lar size, all sulfur  allotropes are hydrophobic, are 
not wetted by water and have very low solubili-
ties in water (Steudel and Eckert, 2003). Biologi-
cally produced sulfur deposited in bacterial sulfur 
globules occurs in different speciations depending 
on metabolic properties of the organisms and the 
environmental conditions: long sulfur chains very 
probably terminated by organic residues (mono- 
or bis-organyl polysulfanes) in purple and green 
sulfur bacteria, cyclo-octasulfur in  chemotrophic 
sulfur oxidizers like Beggiatoa alba and Thiomar-
gararita namibiensis and long chain polythion-
ates in the aerobically grown acidophilic sulfur 
oxidizer Acidithiobacillus ferrooxidans (Prange 
et al., 2002; Dahl and Prange, 2006). However, 

the discovery of elemental  sulfur in plants was a 
surprise at its time (Cooper et al., 1996; Cooper 
and Williams, 2004). Today, it is evident that 
plants are able to produce either preformed or 
induced elemental sulfur as a defense compound 
against attack by fungal pathogens (see Burow 
et al., chapter 11). In contrast to phototrophic 
bacteria, the pathway leading to the deposition 
of sulfur globules in defined plant tissues is still 
unknown. However, the S0 oxidation state occurs 
during the biosynthesis of iron–sulfur clusters 
in bacteria as well as in plants (see Padmavathi 
et al., chapter 7).

E. Polysulfides and Polysulfanes

Polysulfides (S
n

2−) can be produced either by 
 reaction of elemental sulfur with sulfide or by a 
partial oxidation of sulfide, e.g., by phototrophic or 
chemotrophic sulfur oxidizing bacteria ( Bryantseva 
et al., 2000). Polysulfide anions can exist only in 
neutral or alkaline solutions (pH > 6). The higher 
the pH of polysulfide mixtures, the shorter are the 
chains lengths (the chain length varies from two to 
eight sulfur atoms, depending on the pH). Aque-
ous polysulfide solutions are  yellow/orange and 
are subject for rapid autoxidation when exposed 
to air, forming thiosulfate (Steudel et al., 1986). 
Polysulfane (H–Sn–H) mixtures are almost insolu-
ble in water and homogeneous samples  decompose 
slowly, forming H

2
S and S

8
 rings.

F. Sulfide

Hydrogen sulfide, the most reduced form of 
 inorganic sulfur, occurs naturally in large amounts 
in underground deposits of “sour” natural gas. 
Other sources are minerals in soils and rocks or 
sulfide-enriched springs. It is also released  during 
decay of organic matter. Furthermore, it is the 
main product of sulfate respiration. In water, H

2
S 

is partly ionized. Except at the highest pH val-
ues, the concentration of sulfide ions S2− is neg-
ligible (Philips and Philips, 2000). Sulfide is the 
 preliminary end product of assimilatory sulfate 
reduction. At cellular pH the equilibrium between 
H

2
S and HS− requires efficient and immediate 

fixation into organic compounds to avoid losses 
to the gas phase and reduce the risk of deleterious 
redox processes with protein disulfide bridges. 
The β-replacement reaction with activated  serine 



Chapter 1 Introduction 7

(O-acetylserine) is therefore comparable to the 
fixation of ammonia in nitrate assimilation, both 
with respect to biosynthetic metabolism and 
importance for cell life (see chapter 4 Hell and 
Wirtz, this book).

G. Organic Polysulfanes

Mixtures of (bis-)organic polysulfanes (R–Sn–
R) with sulfur chains of different chain lengths 
(up to 13 atoms have been reported in pure sub-
stances [Steudel, 2000]) are light yellow, strong 
refractive oily liquids, especially in the presence 
of higher homologous compounds and can exist 
in many different conformational isomers. The 
solubility of organic polysulfanes (chain-like 
or cyclic) in water or organic solvents depends 
on the nature of the organic portions of the 
molecules.

The chemistry of organic polysulfanes with n > 2 
has been reviewed by Steudel and Kustos (1994). 
A great variety of polysulfanes appear to be gener-
ated by living organisms and are widely distributed 
(Steudel and Kustos, 1994). A well-known example 
is lentionine C

2
H

4
S

5
 occurring in the shiitake mush-

room (Lenthinus edodes), which forms a heterocy-
cle with a disulfane and a trisulfane bridge between 
two methylene groups. Numerous symmetric and 
nonsymmetric disulfanes and trisulfanes occur in 
plants, such as 2-butylpropenyldisulfane and other 
disulfanes in asfetida oil, allylmethyl and propyl-
methyl di- and trisulfanes in garlic and onions and 
various di-, tri- and tetrasulfanes in seeds of the 
neem tree (Azadirachta indica) (Kelly and Smith, 
1990 and references therein).

H. Relevant Organic Sulfur Compounds

Sulfur contents in phototrophic organisms can 
be highly variable depending on lifestyle. These 
variations are smaller between plant species. 
Leaf material from plants rich in secondary sul-
fur compounds such as the Brassicaea contain, 
under regular mineral supply, about 300 mmol/
kg total S and normal plants such as sugar beet 
about 50 mmol/kg. In both cases sulfate contrib-
utes 30%–50% of total S (Houba and Uitten-
bogaard, 1994). Due to the special chemistry of 
sulfur an immense number of sulfur- containing 
organic compounds are found in nature 
with highly variable functions (Mitchell, 1996; 

Beinert, 2000). Apart from primary organic sul-
fur compounds that are common to most living 
organisms (sulfur amino acids, several vitamins, 
iron–sulfur clusters, etc.), plants are able to syn-
thesize so-called secondary sulfur compounds 
of huge chemical heterogeneity and taxonomic 
restriction. They may function in plant defence 
against pathogens, insects and other herbivores, 
in allelopathy,  positive plant–insect interactions 
(scent), signalling and others (Harborne, 1988). 
Prominent examples of defence compounds are 
the glucosinolates (Brassicaceae), alliins (Allium) 
and thiophenes (Asteraceae) (see Burow et al., 
this book). Glucosinolates and alliins are degraded 
during tissue disruption and give rise to break-
down products with antimicrobial, but also in 
several cases human health promoting  properties 
(Hell and Kruse, 2007). The herbivore deter-
rent pungent taste of the breakdown products 
are well known also for their culinary proper-
ties (e.g., mustard and garlic). The lachryma-
tory  factor (propanthial S-oxide) from onion 
that makes the eyes water is a by-product of the 
enzyme- mediated breakdown of alliins (Imai et 
al., 2002). Highly specialized functions are also 
found in species-specific  compounds such as 
turgorin (4-O-(β-D-glucopyranosyl-6′- sulfate) ), 
the signalling substance in leaf movement of 
the Mimosa plant (Varin et al., 1997). However, 
sulfation of metabolites appears to be a way of 
 targeted  activation/inactivation of signals, such 
as the plant hormones jasmonate, phytosulfok-
ines (see Hernandez-Sebastiá et al., chapter 6) 
and lipo-polysaccharides in plant/Rhizobia sym-
biosis (Roche et al., 1991). The demonstrated 
role of targeted redox processes on disulfide 
bridges in proteins is a still unresolved area of 
research. Originally discovered in the context 
of photosynthesis, the roles of thioredoxins, 
glutaredoxins and peroxiredoxins becomes 
increasingly clear for sensing and transduction 
of environmentally-induced redox changes (see 
Meyer and Rausch, chapter 9; Meyer and Fric-
ker, chapter 24). The E. coli transcription factor 
OxyR is activated by reversible disulfide bond 
formation and post-translationally modulated in 
its activity by S-nitrosylation, S-hydroxylation 
and S-glutathionylation. OxyR may thus be just 
one first example for the transduction of external 
oxidative processes to cellular responses in other 
organisms (Kim et al., 2002).
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IV. The Natural Sulfur Cycle

The sulfur cycle in nature is extremely  complex, 
not only because sulfur exists in many different 
oxidation states (see above) but also because 
both chemical and enzyme-catalyzed reactions 
are involved in many sulfur transformations. 
Organisms participate in the sulfur cycle in two 
fundamentally different ways: the assimilation 
of sulfur compounds serves for the  biosynthesis 
of sulfur-containing cell constituents, while 
during dissimilation sulfur compounds serve as 
electron donors or acceptors for  energy-yield-
ing processes (Fig.1). The dissimilatory part 
of the sulfur cycle is restricted to prokaryotes. 
Recent reviews on chemical, geochemical, bio-
chemical and biotechnological aspects of the 
sulfur cycle have been provided (Brüser et al., 
2000; Middelburg, 2000; Steudel, 2000; Lens 

and Kuenen, 2001). Cyanobacteria, algae and 
plants use electrons from  photosynhesis to 
contribute the vast part of sulfate assimilation 
and subsequent formation of reduced  sulfur-
 containing cell constituents. On a global scale 
the oceans and land vegetation  probably con-
tribute approximately equal parts to sulfate 
assimilation (see chapter by Giordano, Norici, 
Ratti and Raven, chapter 20). Substantial input 
of atmospheric sulfur (SO

2
) from burning of 

fossile energy resources was observed until the 
early 1990s but due to installation of sulfur fil-
ters this input has declined in the past decade 
(Schnug, 1998). A small, but steadily  increasing 
input of sulfate is observed by fertilization of 
agroecosystems to compensate for decreasing 
atmospheric intake and to maintain high pro-
ductivity of crops (see chapter by Zhao, Tausz 
and De Kok, chapter 21).

Anoxygenic
Phototrophic

Sulfur-oxidizing
Bacteria

Oxidative
dissimilation

Sulfate

Sulfide

Assimilation Dissimilation

Polysulfide
Thiosulfate
S0

Sulfite
others

PAPS
Sulfite
others

S-metabolism
Cysteine

Fe/S clusters
others

Plants
Algae
Cyanobacteria
Diverse
microorganisms

Fig. 1. Schematic overview of the sulfur cycle with emphasis on phototrophic organisms. General assimilatory and dissimilatory 
processes are indicated in grey letters. Aerobic and anaerobic chemolithotrophic bacteria are also able to dissimilate sulfide for 
energy production. Animals carry out metabolic dissimilation and are able to activate sulfate to 3′-phosphoadenosine 5′-phos-
phosulfate (PAPS) but cannot reduce and assimilate sulfate. Geochemical and atmospheric processes are omitted.
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A. Reductive Steps

1. Sulfate Assimilation and the Part Taken 
by Phototrophs in This Process

The absence of external reduced sulfur  compounds 
that can be incorporated into organic matter makes 
the assimilatory reduction of sulfate to sulfide an 
essential requirement. Some  phototrophic  bacteria 
are very much specialized for living in habitats 
with reduced sulfur compounds and such bacteria 
may lack a sulfate reduction pathway (e.g., mem-
bers of the Chlorobiaceae). Usually assimilatory 
sulfate reduction is a highly regulated process. 
While many studies have been carried out on 
eukaryotes, sulfate reduction pathways are clearly 
also induced under sulfur-limited conditions in 
bacteria (Kredich, 1987) including anoxygenic 
phototrophic bacteria (Haverkamp and Schwenn, 
1999; Neumann et al., 2000).

The importance of assimilatory reduction for 
primary production of biomass including human 
nutrition sparked intensive investigation of this 
pathway in algae and plants. Today it is  generally 
accepted that sulfate uptake, reduction and 
 fixation of sulfide are the most regulated steps 
in this process (see chapters by  Hawkesford, (2) 
Kopriva et al., (3) and Hell and Wirtz (4), Höf-
gen and Hesse, (5) this book). The mechanism of 
activation and reduction of the chemically quite 
inert  sulfate molecule received particular atten-
tion. In plants and algae sulfate in the plastids 
is first activated to form a sulfonucleotide from 
ATP (adenosine-phosphosulfate; APS), catalyzed 
by ATP sulfurylase. Due to instability of APS 
and the unfavourable reaction equilibrium (∆G′ = 
+45 kJ/mol) the backward reaction was believed 
to be prevented by cleavage of pyrophosphate 
by abundant pyrophosphatase activity and fur-
ther activation by APS kinase to PAPS (Leustek 
et al., 2000). Indeed PAPS is very important for 
sulfate transfer reactions to metabolites, peptides 
and proteins (see chapter by Hernández-Sebastià, 
Marsolais and Varin, chapter 6). But it turned 
out to be only the primary substrate for reduc-
tion in diverse eubacteria (including enterobac-
teria), archaea and fungi, but not in plants and 
algae. Despite the before mentioned considera-
tions, APS appears to be the major substrate for 
 assimilatory reduction according to compre-
hensive biochemical taxonomic analyses of the 

responsible enzyme (see Kopriva et al., chapter 
3). The signature of the plant, algae and cyano-
bacteria type sulfonucleotide (APS) reductase 
was seen in a two domain structure consisting of a 
reductase domain with an [4Fe–4S]2+ cluster and 
a C-terminal  thioredoxin/glutaredoxin domain, 
using glutathione as  electron donor. In contrast, 
the bacterial sulfonucleotide (PAPS) reductase 
was believed to have only the reductase domain 
without iron–sulfur cluster and to use thioredoxin 
as electron donor. Today the situation indicates 
several variants of assimilatory sulfonucleotide 
 reductases: (1) the E. coli CysH-like enzymes 
reduces PAPS using  thioredoxin or glutaredoxin 
as electron donor but no [4Fe–4S]2+ cluster and is 
found in many eubacteria, archaea and fungi (Ber-
endt et al., 1995); (2) another CysH-like group 
reduces APS rather than PAPS, uses thioredoxin 
as electron donor, has an [4Fe–4S]2+ cluster and 
was found in Pseudomonas aeruginosa (Bick 
et al., 2000); (3) yet another protein with strong 
homology to CysH is from Bacillus subtilis and 
is able to reduce APS and PAPS (Berndt et al., 
2004); (4) the plant-type sulfonucleotide reduct-
ase (e.g., Arabidopsis thaliana, Enteromorpha 
 intestinalis) uses APS, carries an [4Fe–4S]2+ 
cluster and contains a C-terminal glutaredoxin-
like domain (Bick et al., 1998; Gao et al., 2000); 
(5) a reductase from the moss Physcomitrella 
patens that shares high similarity with CysH-like 
proteins, has no iron–sulfur cluster but prefers 
APS rather than PAPS (Kopriva et al., 2007). 
This functional variability seems independent 
from oxygenic or phototrophic lifestyles and 
reflects the complex evolutionary development 
of assimilatory sulfate reduction (see chapter 03 
by Kopriva et al.).

2. Dissimilatory Sulfate Reduction

Under anoxic conditions sulfate, and elemen-
tal sulfur are used as electron acceptors of 
 anaerobic respiratory processes. The sulfate- 
and sulfur-reducing bacteria are a metabolically 
versatile group of microorganisms, belonging to 
many  different families and genera. The ability 
to reduce sulfate as a terminal electron accep-
tor is found within the Gram-negative and the 
Gram-positive bacteria, the genus Thermodesul-
fobacterium, and also in some Archaea (genus 
Archaeoglobus). Dissimilatory sulfur  reduction 
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is found for many sulfate reducers and the 
specialists of the genus Desulfuromonas and 
is widespread within the hyperthermophilic 
archaea. Some sulfur respires can in addition 
use sulfite, thiosulfate, organic sulfoxides, inor-
ganic polysulfides and/or organic disulfanes as 
terminal electron acceptors. All these processes 
lead to the release of large amounts of sulfide. At 
the interface of oxic and anoxic zones, chemical 
oxidation of sulfide can lead to the  formation of 
thiosulfate and polythionates.

Just as during assimilatory sulfate reduction, 
sulfate has first to be activated at the expense 
of two ATP equivalents per sulfate molecule. 
This activation is catalyzed by ATP sulfury-
lase and yields APS which is reduced directly 
to sulfite by the iron–sulfur flavoprotein APS 
reductase (Brüser et al., 2000). The latter bares 
no  resemblance to the APS/PAPS reductases of 
the assimilatory  pathway. The last step, reduction 
of sulfite to sulfide is catalyzed by dissimilatory 
sulfite reductase, an enzyme containing iron–
 sulfur clusters and sirohemeamide as prosthetic 
groups (Matias et al., 2005). While the direct 
 electron-donating compounds are neither known 
for APS reductase nor for sulfite reductase, elec-
trons are very probably delivered to these enzymes 
through multi-subunit transmembrane complexes 
(Heidelberg et al., 2004; Matias et al., 2005).

B. Oxidative Steps

Reduced inorganic sulfur compounds such as 
sulfide, polysulfides, sulfur, sulfite, thiosulfate, 
and various polythionates allow energy genera-
tion by aerobic and anaerobic chemotrophic and 
phototrophic sulfur-oxidizing bacteria (Brune, 
1995; Friedrich, 1998; Dahl and Prange, 2006), 
some archaea (Stetter, 1996), and even of some 
eukarya (Grieshaber and Völkel, 1998). Most 
sulfur oxidation observed in members of the 
Eukarya is mediated by lithoautotrophic bacterial 
symbionts (Nelson and Fisher, 1995). Although 
in general sulfate is the major oxidation prod-
uct of reduced sulfur compound oxidation, other 
end products may be formed depending on the 
 organism. The ability to use the various sulfur 
compounds also varies. Sulfur oxidation  pathways 
are therefore found to be widely  variable and may 
involve different nonpolymeric and polymeric 
 intermediates.

Anoxygenic phototrophic sulfur bacteria require 
light as an energy source and use reduced sulfur 
compounds as electron-donating substrates for 
photosynthetic CO

2
 reduction. They represent 

an assemblage of predominantly aquatic bacte-
ria that are able to grow under anoxic conditions 
by photosynthesis, without oxygen production. 
The most striking and common property of these 
 bacteria is the ability to carry out light-dependent, 
bacteriochlorophyll-mediated processes, a prop-
erty shared with cyanobacteria, prochlorophytes, 
algae and green plants. The major pigments 
are bacteriochlorophylls a, and b in the purple 
 bacteria, c, d, and e in the green bacteria and g in 
the Gram-positive heliobacteria. Photosynthesis 
in anoxygenic phototrophic bacteria depends on 
anoxic or oxygen-deficient conditions, because 
the synthesis of the photosynthetic pigments and 
the formation of the photosynthetic apparatus are 
repressed by oxygen.

Although the various anxyogenic phototrophic 
bacteria have many common characteristics with 
regard to photosynthesis they form an extremely 
heterogeneous group of bacteria. Based on 
 phenotypic characteristics like the occurrence of 
different bacteriochlorophylls and  carotenoids 
and based on phylogenetic analyses, one can 
distinguish between the green sulfur bacteria 
(phylum Chlorobi), the anoxygenic filamentous 
phototrophs (also termed green gliding  bacteria 
or green nonsulfur bacteria) of the  family 
 Chloroflexaceae, the purple sulfur bacteria 
(Chromatiaceae and Ectothiorhodospiraceae), 
the purple “nonsulfur” bacteria (affiliated with 
the Alphaproteobacteria and the Betaproteobac-
teria) and the heliobacteria. On the basis of their 
16S rRNA sequences, the purple bacteria belong 
to the Proteobacteria, while Chloroflexus and rel-
atives and the green sulfur bacteria, respectively, 
form separate lines of descent (Woese et al., 
1985). The heliobacteria (Madigan and Ormerod, 
1995) are related with certain Gram-positive bac-
teria (Beer-Romero and Gest, 1987). The aerobic 
anoxygenic phototrophic bacteria are a relatively 
recently discovered bacterial group. These  Gram-
negative, marine bacteria contain bacteriochloro-
phyll a, form  intracytoplasmic membrane systems, 
and contain reaction  centers which resemble those 
of the purple  bacteria. In contrast to the  purple 
 bacteria, oxygen  stimulates the  synthesis of bacte-
riochlorophyll and  carotenoids in these organisms. 
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The sulfur oxidation properties and pathways are 
described in detail elsewhere (chapters by Shahak 
and Hauska, Dahl, Frigaard and Bryant, Chan, 
 Morgan-Kiss and Hanson, this book).

Cyanobacteria are equipped with two pho-
tosystems and normally perform a plant-like 
 oxygenic photosynthesis. However, under anoxic 
conditions many cyanobacteria are able to use 
sulfide as an alternative electron donor. Oscillato-
ria  limnetica oxidizes sulfide to elemental sulfur 
(Cohen et al., 1975) whereas Microcoleus chton-
oplastes (de Wit and van Gemerden, 1987) forms 
thiosulfate as the end product of sulfide oxida-
tion. More recent studies showed that thiosulfate 
is the most common product of sulfide oxidation 
by cyanobacteria and that sulfite or polysulfide 
can be formed as additional products depending 
on the organism (Rabenstein et al., 1995).
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Summary

Sulfate transport in and out of the cell in all phototrophic organisms, and in addition in eukaryotes, influx 
and efflux from the vacuole, which acts as a cellular sulfate store, and into the plastid, the site of sulfate 
reduction, is facilitated by multiple transporters. In addition, in vascular plants these transport processes 
are coordinated to facilitate management of sulfur fluxes between organs, from roots to shoots and to 
 generative tissues. In prokaryotes, uptake into the cell is driven predominantly by an ABC-transporter, 
which is the product of at least four genes and energized directly by ATP. In eukaryotes, a family of H+-sulfate  
co-transporters (SulP) has been characterized which fulfills transport roles at least for uptake into the 
cell and efflux from the vacuole. In addition, differential expression of this gene family in  vascular 
plants enables selective movement between tissues dependent on developmental cues and sulfate 
availability. A vital transport step is the transport into the plastid, for which a transporter has only 
been identified in algae and for which no vascular plant homologue is known. The expression of many 
 sulfate transporters responds to availability and demand for sulfur, and transduction mechanisms 
which control this are beginning to be elucidated. The significance of a C-terminal STAS domain in 
SulP transporters is still unclear.
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I. Introduction

The sulfur demands of phototrophic  organisms 
including plants, algae and cyanobacteria are met 
primarily by the acquisition of sulfate from the 
environment. Specific transport systems have 
evolved to both take up and to fulfill  internal 
requirements for the transport of sulfate. In 
addition, most phototrophic organisms includ-
ing plants, have a wide range of transporters for 
organic molecules including sulfur-containing 
amino acids and in some instances these may 
contribute to the sulfur economy of the organism. 
In multi-cellular organisms such transporters are 
important for the distribution of reduced sulfur 
compounds such as glutathione (Rennenberg 
et al. 1979; Zhang et al. 2004) or S-methylme-
thionine (Bourgis et al. 1999), for example from 
sink to source tissues. Plants are also able to 
 utilize atmospheric H

2
S absorbed via the leaves 

and assimilate this directly into cysteine, but 
this is seldom a major physiological considera-
tion (De Kok et al. 2002). The importance of the 
transport steps is underlined by pathway analysis 
which indicates that sulfate uptake into the cell is 
the major regulated step (Vauclare et al. 2002).

Sulfate uptake into plants was determined to be 
an enzymatic process catalyzed by  transporters, 
and was a saturable process with a high  affinity 
for sulfate (19 µM), was pH dependent and was 
competitively inhibited by selenate (Leggett 
and Epstein 1956). The cloning of sulfate trans-
porter genes and the subsequent detailed  analyses 
of transport phenomena performed in the last 
 decade, more than 40 years later, have verified 
the accuracy of this pioneering study.

Two major transport systems for sulfate have 
been described: the prokaryotic ABC-type trans-
porter which includes a periplasmic sulfate 
 binding protein and which occurs predominantly 
in prokaryotes including cyanobacteria, and the 
SulP family of H+ -cotransporters which predom-
inate in vascular plants. Genomic information has 
indicated that members of the SulP family also 
exist in prokaryotes transporting a diverse set of 
substrates. Although many ABC-type  transporters 

exist in all eukaryotes, evidence for a role in 
 sulfate transport in eukaryotes is restricted to one 
specific example in Chlamydomonas reinhardtii. 
The different transporters and their occurrence 
will be dealt with in turn.

II. Sulfate Transport in Cyanobacteria

The well-characterized sulfate permease of 
cyanobacteria, in common with other prokaryotic 
sulfate transporters (Kertesz 2001), belongs to the 
ABC-type (ATP-binding cassette) consisting of 
a multi-subunit transporter including a periplas-
mic substrate binding protein (probably present 
in substantial molar excess in the  periplasmic 
space), two channel-forming  membrane intrin-
sic proteins and a cytoplasm-located ATP-bind-
ing protein. The genes (see Table 1) that encode 
the proteins which are components of the 
 complex are up-regulated under sulfur-deficient 
 conditions, to aid in scavenging for available 
sulfur. Additionally, in an adaptation to low sul-
fur availability, the sbpA protein which is stoi-
chiometrically the most abundant subunit, has no 
S-containing amino acid residues, as is the case for 
enteric bacteria. Although considerably enhanc-
ing sulfate uptake, sbpA is not absolutely essen-
tial for transport. In addition there is a regulatory 
gene, cysR, required for expression (Green et al. 
1989; Kohn and  Schumann 1993; Laudenbach 
and Grossman 1991). In eukaryotes, including 
Arabidopsis, a large family of ABC-transporter 
homologues with a wide substrate specificity (but 
as far as is known, not sulfate) exist as domains 
of single proteins rather than as separate proteins 
(Sanchez-Fernandez et al. 2001).

In addition, the availability of complete 
genomic sequences for a number of cyanobac-
teria indicates the existence of multiple trans-
porters belonging to the SulP group (for detailed 
description of members of this group belonging 
to the vascular plants, see section IV.A) which 
could theoretically transport sulfate. Phyloge-
netic analysis indicates a distinct clustering of 
the cyanobacterial sequences and a divergence 
from the plant and other eukaryotic groups (Saier 
et al. 1999) which would be expected in these 
evolutionary distant organisms. Analysis of the 
prokaryotic sequences themselves, shows dis-
tinct clades which may be related to functionality. 

Abbreviations: ABC–ATP-binding cassette; OAS–O-

 acetylserine; SLIM1–sulfur limitation 1 (transcription 

factor); STAS–sulfate transporter and anti-sigma factor 

antagonist; SURE– sulfur-responsive element
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The cyanobacterial SulP sequences themselves 
form a diverse group, and for example one clade 
within the group seems to be involved in bicar-
bonate transport (Price et al. 2004) and another 
clade has one example, LtnT, found only in a few 
cyanobacteria, which is unable to transport sulfate 
but has a low affinity nitrate transporter activity 
(Maeda et al. 2006). Some bacterial homologues 
of the bicarbonate transporter group possess a 
C-terminal carbonic anhydrase domain (Felce 
and Saier 2004), which increases the inter-con-
version of carbon dioxide and bicarbonate. No 
such fusion proteins appear in the cyanobacterial 
genomes studied to date.

III. Sulfate Transport in Algae 
and Aquatic Plants

Many of the characteristics of sulfate transport 
by higher plants were first described in studies 
on algae, partially due to their amenability for 
 experimentation: Lemna minor ( Neuenschwander 
et al. 1991; Thoiron et al. 1981), Lemna 
 paucicostata (Datko and Mudd 1984a, b), 
Lemna gibba (Lass and Ullrich-Eberius 1984), 
 Hydrodictyon reticulatum (Rybová et al. 1988), 
Chlorella pyrenoidosa (Vallee and Jeanjean 
1968a, b), Chlorella vulgaris (Passera and Fer-
rari 1975), Chlamydomonas reinhardtii (Yildiz 
et al. 1994). Evidence for a 3H+-sulfate co-
 transport mechanism was obtained in Lemna 
gibba (Lass and Ullrich-Eberius 1984). The high 
affinity transport system was shown to require 
high  proton concentrations suggesting a mecha-
nism of a proton-sulfate  co-transport system. This 
H+-cotransport mechanism for sulfate transport 
was subsequently supported by studies on vascu-
lar plants which demonstrated a pH dependency 

of sulfate transport in Brassica napus vesicles 
(Hawkesford et al. 1993) and by the low pH stim-
ulation of transport seen in yeast expressing the 
high affinity sulfate transporter from the legume, 
Stylosanthes hamata (Smith et al. 1995a).

Compartmental analysis in Lemna minor indi-
cated the importance of the vacuole as an internal 
store of sulfate (Thoiron et al. 1981), although 
a store in which sulfate only turned over slowly 
(Datko and Mudd 1984b). An increased capac-
ity for sulfate uptake under sulfur limiting con-
ditions was reported in all instances, in common 
with the situation for higher plants (see below). It 
was suggested that both saturating high affinity 
and low affinity transport systems operated, but 
only the high affinity system was induced by sul-
fur limiting conditions (Datko and Mudd 1984b). 
An indication of the importance of the cysteine 
precursor, O-acetylserine (OAS) in determining 
sulfate transport expression (see section VII for 
a more detailed discussion and subsequent stud-
ies with vascular plants), in common with earlier 
bacterial studies (Kredich 1993), was provided 
in feeding experiments in Lemna minor (Neuen-
schwander et al. 1991).

In spite of these early studies and the clear eco-
logical importance of algae in the aquatic environ-
ment (Norici et al. 2005) little further molecular 
characterization of the transporters has occurred 
with the exception of Chlamydomonas rhein-
hardtii. In this species a gene family of seven 
sulfate transporters of the SulP type has been 
identified (Pollock et al. 2005) but not further 
characterized, and there is a detailed characteriza-
tion of a chloroplast transporter of the ABC-type 
(see section V). In addition, Chlamydomonas 
rheinhardtii has proved exceptionally useful for 
elucidation of genes involved in sensing and sig-
naling sulfur status (see  section VIII).

Table 1. Gene designation of ABC-sulfate transporter subunits.

 Cyanobacterial  Bacterial Chlamydomonas
Subunit designation gene chloroplast transporter  Marchantia chloroplast gene

Membrane pore cysT cysT SulP mbpY
Membrane pore cysW cysW SulP2 
ATP binding protein cysA cysA Sabc mbpX (similar to Arabidopsis
    NAP3 (Sanchez-
    Fernandez et al. 2001)
Periplasmic sulfate sbpA cysP Sbp (not periplasmic but 
binding component   associated with 
   complex) 
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IV. A Family of Sulfate Transporters 
in Higher Plants

A. The H+-Sulfate Co-Transporter 
Family (SulP)

The first putative sulfate transporter sequence to 
be identified from plants was by homology to the 
Neurospora crassa sulfate transporter (Ketter and 
Marzluf 1988; Sandal and Marcker 1994). This 
was the soybean nodule-specific protein, encoded 
by the GMAK170 gene, a protein of 486 amino 
acids, which was considerably shorter than the 
Neurospora sequence (788 amino acids). In this 
same report the human DRA gene (H"astbacka 
et al. 1994) was shown also to have homology 
to these sequences and this was subsequently 
characterized as a human H+-sulfate transporter 
and part of a family of mammalian sulfate trans-
porters, which were distinct from mammalian 
Na-coupled sulfate transporters (Bissig et al. 
1994). No evidence has been forthcoming to 
demonstrate that the GMAK170 gene product is 
able to function as a sulfate transporter.

The cloning of confirmed plant sulfate trans-
porter cDNAs was achieved first by functional 
complementation of a sulfate transporter- deficient 
yeast mutant (Smith et al. 1995b) with plant 
cDNA libraries (Smith et al. 1995a; Smith et al. 
1997; Takahashi et al. 1996). A homologous yeast 
sulfate transporter was also isolated using this 
mutant (Smith et al. 1995b). The first yeast sul-
fate transporter-deficient mutants were isolated 
by selection using selenate/chromate toxic ana-
logues (Breton and Surdin-Kerjan 1977; Cherest 
et al. 1997; Smith et al. 1995b). Subsequently 
yeast deletion mutants have been essential tools 
for verification and functional characterization 
of cloned putative sulfate transporters. A similar 
selenate-resistance strategy was used to isolate 
transporter mutants of Arabidopsis (Shibagaki 
et al. 2002).

Initially three sulfate transporters were isolated 
from the tropical legume Stylosanthes hamata, 
showing either high or low affinity for sulfate 
in the yeast expression system. Subsequently a 
high affinity type was isolated in barley using an 
identical approach (Smith et al. 1997). In each 
case the cDNA libraries were made from mRNA 
isolated from root tissues of sulfur-starved 
plants, a condition known to induce maximal 

activity (see below). The availability of cDNA 
sequences facilitated the isolation and subse-
quent  characterization of a number of cDNAs for 
sulfate transporters from Arabidopsis (Kataoka 
et al. 2004b; Shibagaki et al. 2002; Takahashi et 
al. 1996; Takahashi et al. 2000; Takahashi et al. 
1997; Vidmar et al. 2000). Subsequently sulfate 
transporters have been cloned and analyzed from 
a range of plant species including maize (Bolchi et 
al. 1999; Hopkins et al. 2004), potato (Hopkins et 
al. 2005), tomato (Howarth et al. 2003), Brassica 
(Buchner et al. 2004b; Heiss et al. 1999), wheat 
(Buchner et al. 2004a), rice (Godwin et al. 2003) 
and Sporobolus stapfianus (Ng et al. 1996).

The availability of the fully sequenced genomes 
of Arabidopsis and rice and indicated the existence 
around 14 genes sequences showing homology 
to the SulP sulfate transporters in each genome. 
 Phylogenetic analysis of all known sequences 
clearly separates the plant, yeast, fungi and mam-
malian kingdoms (Saier et al. 1999), however 
analyses of sequence homology of the plant spe-
cies alone, suggests at least five distinct clades 
within the plant family. A typical phylogenetic 
analysis of amino acid sequences of  Arabidopsis 
and rice putative sulfate transporters is shown 
(Fig. 1). In most cases all species have a simi-
lar distribution of isoforms between the clades, 
although exactly corresponding homologues are 
only identifiable for closely related species (for 
example for Arabidopsis and Brassica, or for rice 
and wheat). In some species, for example wheat, 
not only does polyploidy increase the complexity 
of expressed isoforms, but also there have been 
recent duplication events resulting in additional 
very similar isoforms (Buchner et al. 2004a). 
There remains debate as to the significance of 
the multiple members of the family with regard 
to redundancy or individual specialization of 
 isoforms (Hawkesford 2003).

The clade which forms Group 1 includes many 
well studied transporters and often comprises 
three genes, for example as found in Arabidopsis 
(AtSULTR1;1–3). Within Group 1, the monocoty-
ledonous species are distinct from the Arabidop-
sis clade preventing the alignment to the direct 
corresponding homologues (Fig. 1, and wheat 
and maize data, not shown). Many Group 1 sul-
fate transporters have been expressed in yeast and 
most have high substrate affinities (K

m
) for sul-

fate in this heterologous expression system, for 
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example AtSULTR1;1 has a K
m
 of 1.5–3.6 µM 

(Takahashi et al. 2000; Vidmar et al. 2000) and 
AtSULTR 1;2 a K

m
 of 6.9 µM (Yoshimoto et al. 

2002). Many of the transporters in this Group are 
highly expressed in the root tissues, and further-
more are highly regulated by sulfur supply, with 
massively increased transcript abundance when 
plants are sulfur-deficient, for example ( Buchner 

et al. 2004b). Studies of cellular  expression 
 patterns indicate expression in root tips, root 
hairs, exodermal, cortical and endodermal lay-
ers with less expression in the central vascular 
region (Rae and Smith 2002; Shibagaki et al. 2002; 
Takahashi et al. 2000; Yoshimoto et al. 2002). 
A notable exception is AtSULTR1;3 whose 
expression appears to be specific to the phloem 
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in both root and cotyledons (Yoshimoto et al. 
2003). In tomato contrasting expression occurs 
for the two isoforms reported, with one isoform 
 showing general expression, highest in  exodermis 
and endodermis and the other with primarily 
 exodermal expression (Howarth et al. 2003). 
Sulfate uptake, but not transfer to the shoot was 
impaired in selenate resistant mutants with a 
lesions in AtSULTR1;2 (Shibagaki et al. 2002); 
only mutations of AtSULTR1;2 confer selenate 
resistance in Arabidopsis (El Kassis et al. 2007). 
Taken together, it is clear that Group 1 transport-
ers are responsible for primary sulfate acquisition 
in plant roots.

Typically two sulfate transporter isoforms for any 
individual species are found in Group 2 (Fig. 1). 
One of the original Stylosanthes hamata isoforms 
belongs to this group (Smith et al. 1995a). Affinities 
(K

m
) for sulfate are generally lower than for Group 1: 

ShST3, 99 µM (Smith et al. 1995a); AtSULTR2;1, 
0.41 mM (Takahashi et al. 2000) although one report 
indicates 5 µM (Vidmar et al. 2000); AtSULTR2;2, 
> 1.2 mM (Takahashi et al. 2000). Group 2  sulfate 
transporters are regulated by sulfur nutrition, 
although not generally so dramatically as for the 
Group 1 sulfate transporters. One or the other iso-
forms is generally more strongly  regulated, but not 
in a consistent pattern: in root tissues AtSULTR2;2 
is more regulated than 2;1 (Takahashi et al. 2000), 
however the pattern for the closely homologous 
Brassica isoforms is reversed (Buchner et al. 2004b). 
Both isoforms are usually expressed throughout the 
plant (Buchner et al. 2004b) but tend to be local-
ized to vascular tissues (Takahashi et al. 2000). It 
is likely that this Group of transporters contribute 
to translocation of sulfate within the plant vascular 
systems. Variation between species, for example as 
quoted above, may reflect different developmental 
stages or a need for more precision in localization 
of analysis.

The Group 3 clade is relatively large and diverse 
with five Arabidopsis and six rice sulfate trans-
porters (Fig. 1). At least three and possibly four 
sub-clades are apparent, each containing both rice 
and Arabidopsis examples, indicating relatively 
ancient gene duplications. Only one isoform, 
AtSULTR3;5 has been successfully expressed and 
characterized in yeast, however transport was only 
observed when co-expressed with AtSULTR2;1. 
The observed K

m
 for sulfate was 503 µM in the 

co-expression system  compared to 545 µM for 

AtSULTR2;1 alone, along with an approximate 
threefold increase in V

max
, (Kataoka et al. 2004a). 

It is proposed that a hetero-dimer is required for 
activity of AtSULTR3;5 and for maximal activity 
of AtSULTR2;1. In planta AtSULTR2;1 and 3;5 
are co-expressed in the root xylem parenchyma 
and pericycle cells, and although AtSULTR3;5 
is constitutively expressed with no regulation by 
sulfur nutrition, a role for the dimer in enhanc-
ing uptake during deficiency via  interaction 
with the inducible SULTR2;1 is suggested. In 
Lotus japonicus root nodules, the 3;5 homo-
logue (SST1), which complements a yeast sulfate 
 transporter deficient mutant for growth on sulfate 
media, functions as a sulfate transporter across 
the symbiosome membrane and mutant analysis 
indicates that this sulfate import is crucial for 
nitrogen fixation (Krusell et al. 2005). None of 
the five Brassica Group 3 transporters are  sulfur-
regulated although tissue specificity of isoform 
expression varies greatly (Buchner et al. 2004b).

In Arabidopsis and Brassica there are two 
Group 4 isoforms (Buchner et al. 2004b; Kataoka 
et al. 2004b), however in rice and wheat there 
only appears to be one (Buchner and Hawkesford, 
unpublished). Early localization data  entailing 
identification of putative transit sequence 
and  utilizing a partial sulfate transporter-green 
 fluorescent protein fusion protein, indicated a 
chloroplast membrane localization (Takahashi 
et al. 1999). There is an absolute requirement to 
transport sulfate into the chloroplast, the site of 
reduction and the mechanism for this transport 
has never been confirmed. Subsequent additional 
analysis with full length sulfate transporter:green 
fluorescent protein constructs showed a more 
conclusive tonoplast membrane localisation for 
the Arabidopsis Group 4 sulfate transporters 
(Kataoka et al. 2004b). Expression was highest 
in roots tissues in both Arabidopsis and Brassica 
(Buchner et al. 2004b; Kataoka et al. 2004b), 
was induced by sulfur-deficiency (particularly 
SULTR4;2) and at least in the case of Arabidopsis 
was localized to pericycle and xylem parenchyma 
cells. Analysis of Arabidopsis double knockout 
plants, and critically of vacuoles isolated from 
these plants indicated a role in sulfate efflux from 
the vacuole tissue. For example, vacuoles iso-
lated from the double knockout (4;1 and 4:2) line 
contained more sulfate than the wild-type, and 
this was decreased in lines over-expressing a 4;1 



Chapter 2 Sulfate Transport 21

construct. However, no direct demonstration of 
transport, for example in yeast mutants, has been 
achieved. Irrespective of specific sulfate transport 
function, in planta studies indicated that sulfate 
efflux from the root vacuoles was dependent on 
the presence of functional Group 4  proteins. It is 
hypothesized that this would optimize channeling 
of sulfate toward the xylem vessels and thus 
expression of the Group 4 transporters in roots 
would have a potential role in regulating root to 
shoot transport (Kataoka et al. 2004b).

Group 5 is quite distinct from the other iso-
forms (sequences are quite dissimilar to other 
sulfate transporters) and typically contains two 
isoforms for any given species, and the two 
 isoforms are also quite dissimilar to one another. 
The most striking observation is that Group 5 
sulfate  transporters are truncated sequences and 
possess little N or C-terminal regions beyond the 
transmembrane domain. Some secondary struc-
ture predictions suggest fewer membrane span-
ning  helices although there is no reason to suspect 
such a divergence from the rest of the family. 
Green  fluorescent protein fusion constructs local-
ize Group 5 members to internal membranes and it 
would be tempting to speculate a role in vacuolar 
loading, although studies with knock out mutants 
have failed to give a clear phenotype (Buchner, 
Takahashi and Hawkesford, unpublished). There 
are no reports indicating sulfate transport, either in 
planta or in expression systems such as yeast. The 
possibility remains that these transporters have a 
substrate other than sulfate.

B. Structure

Predicted protein sizes for eukaryotic members of 
this family are in the range 500–700 amino acids 
and although predictions of secondary structure 
vary widely depending upon prediction method 
used and sequences analyzed, a consensus of 10–
12 transmembrane spanning helices is predicted. 
One possible model is shown in Fig. 2.

Structure–function relationships have been 
examined by site-directed mutagenesis of the Sty-
losanthes ShST1 transporter and subsequent anal-
ysis of localization and function in yeast mutants 
(Howitt 2005; Khurana et al. 2000; Loughlin et al. 
2002; Shelden et al. 2001, 2003). Mutations in the 
human DTDST transporter, known to be respon-
sible for diastrophic dysplasia disease (H"astbacka 

et al. 1994), and involving conserved residues in 
transmembrane helices 9 and 11 when introduced 
into ShST1 affect either transport activity or traf-
ficking to the plasma membrane (Khurana et al. 
2000). Similarly three semi-conserved proline 
residues, unusually predicted to be in transmem-
brane helices 1–3 (notable for short extra mem-
brane sequence linking loops) were also critical 
for transporter function (Shelden et al. 2001). 
Charged residues, which may influence topol-
ogy, or be involved in ion binding or in ion chan-
nel function, have been mutated systematically: 
evidence was obtained for pairing of residues 
which would indicate tertiary structure arrange-
ments of the transmembrane regions (Shelden 
et al. 2003). ShST1 contains five cysteine  residues 
(non-conserved) and a cysteine-less variant was 
shown to have transport characteristics indistin-
guishable from the wild type (Howitt 2005); this 
variant will be useful for future topology analysis 
using combinations of mutagenesis introducing 
cysteine residues and probing with sulfhydryl 
reagents.

Homology of the carboxyl terminal region of 
most eukaryotic SulP transporters to bacterial 
anti-sigma factor antagonists, for example the 
Bacillus subtilis SPOIIAA, has defined this region 
as the STAS (sulfate transporter and anti-sigma 
factor antagonist) domain (Aravind and Koonin 
2000). SpoIIAA protein is involved in nutrient 
regulation of sporulation; dephosphorylation of a 
serine activates the protein, enabling interaction 
with a second protein with the net result of the 
release of the sigma factor which induces sporula-
tion. In the DRA transporter, the STAS domain is 
involved in a protein-protein interaction with the 
cystic fibrosis transmembrane regulator resulting 
in a mutual activation (Ko et al. 2004). All plant 
sulfate transporters examined with the notable 
exception of the Group 5 transporters possess 
this domain. To examine and test the possibility 
that the STAS domain may have a regulatory role 
in plants or may be involved in trafficking to or 
stability in the plasma membrane, both chimaeric 
and deletion constructs (Shibagaki and  Grossman 
2004) together with site-directed mutagenesis 
(Rouached et al. 2005) have been performed. 
Deletion of the STAS domain prevented traffick-
ing to the plasma membrane, and heterologous 
chimaeras had a deleterious effect on transport 
kinetics (Shibagaki and Grossman 2005).  Mutations 
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of the equivalent phosphorylatable residue (com-
pared to the SpoIIAA protein) in the plant sulfate 
transporter (a threonine, marked with an asterisk 
in Fig. 2) resulted in a complete loss of activity 
of sulfate transport (Rouached et al. 2005). It is 
hypothesized that there are protein:protein inter-
actions, mediated via the STAS domain, which 
are required for sulfate transporter function in 
plants.

V. Transport into the Chloroplast

There is an absolute requirement for transport of 
sulfate across the chloroplast (or plastid in the 
root) inner membrane into the stroma, the site for 
reduction and assimilation of sulfate into cysteine. 

Sulfate uptake into isolated chloroplasts has satu-
rable kinetics with a K

m
 of around 2.5–3 mM and 

with a V
max

 of 0.7–13 µmol per mg Chl per hour 
(Gross et al. 1990; Mourioux and Douce 1979). 
Furthermore transport was competitively inhib-
ited by phosphate, and therefore it was suggested 
that the triose-phosphate/phosphate translocator 
was responsible for sulfate uptake in addition 
to its primary phosphate transport function. The 
rates were much lower than for phosphate reflect-
ing the greater requirement for phosphate in CO

2
 

fixation. The triose-phosphate/phosphate translo-
cator has been cloned (Flügge et al. 1989) but no 
conclusive evidence has been presented that this 
transporter is responsible for sulfate uptake into 
the chloroplast in vivo.
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A multi-subunit ABC-type transporter has been 
shown to be present in the chloroplast membrane 
of Chlamydomonas reinhardtii (Chen and Melis 
2004; Chen et al. 2005; Chen et al. 2003; Melis 
and Chen 2005). It is proposed that the trans-
porter comprises a heterodimer of transmembrane 
proteins constituting the ‘pore’, two associated 
cytosolic sulfate binding proteins and two stroma 
located ATP binding subunits attached to each of 
the membrane subunits (Melis and Chen 2005). 
Homologues to the nuclear gene for the membrane 
pore proteins (termed confusingly SulP but with 
no relation to the SulP family) have been identi-
fied in many prokaryotes, including cyanobacte-
ria (homologous to the cysT gene) and in some 
eukaryotes, for example the liverwort, Marchan-
tia polmorpha, in which it is a chloroplast gene. 
Corresponding nuclear genes have been identified 
for the other subunits in Chlamydomonas, desig-
nated SulP2, Sbp and Sabc, respectively (Table 1). 
Available evidence supports a role for the SulP 
gene product in chloroplast sulfate transport in 
Chlamydomonas as, for example, it is induced 
by sulfur-deficiency and antisense transformants 
are impaired in sulfate transport (Chen and Melis 
2004; Chen et al. 2005). No such genes have been 
found in vascular plants (Chen et al. 2003).

It has been suggested that one of the subtypes of 
the SulP family (Group 4, see above for discussion 
on this topic) may be responsible for plastid sulfate 
influx (Takahashi et al. 1999), but this transporter 
has subsequently been shown to be a tonoplast 
membrane protein (Kataoka et al. 2004b).

Proteome analysis of the plastid membrane of 
Arabidopsis indicates the occurrence of 19 ABC-
type transporters, any of which theoretically may 
be responsible for sulfate uptake into higher plant 
plastids (Weber et al. 2005).

VI. Fluxes of Sulfate around the Plant

Fluxes of sulfate into and around a stylized 
 vascular plant are shown in Fig. 3. Initial sulfate 
uptake into the symplast may be at several sites, 
potentially occurring through root hairs, at the root 
periphery or having passed through the cell walls 
of the cortex (apoplastic route), at a site near to 
the endodermis which acts as an apoplastic bar-
rier. Within the root symplasm there may be cell 
to cell transfer via plasmodesmata  (symplastic 

route), however at least one efflux step is required 
prior to xylem loading. Vascular plants distribute 
sulfur around the plant, regulated in response 
to changing demands; this is at least partially 
achieved by the flexibility provided by the gene 
family of transporters (SulP family) which have 
different kinetic properties and different patterns 
of expression in response to tissue, developmen-
tal and environmental cues. Distribution and 
 redistribution of sulfur pools during development 
in both vegetative and generative tissues have 
been described in soybean and wheat. Initial dis-
tribution occurs via the xylem, however sulfate 
is preferentially  distributed to young  expanding 
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Fig. 3. Routes of sulfate movements in planta. Schematic 
representation of major fluxes of sulfate from the soil 
 solution to the root xylem (x) and pathways to various sink 
tissues. Fluxes around the plant in xylem or phloem (p) are 
indicated by arrows. The inset (A) shows possible symplastic 
and apoplastic fluxes from cell to cell within the root cross 
section. The endodermal layer (e) is shown with the Caspar-
ian barrier. Inset B indicates theoretical fluxes of  sulfate 
across individual membranes in a typical cell: initially into 
the cell, both into and subsequently out of the vacuole (v) 
as a temporary store, into the plastid (pl) for reduction, or 
exported from the cell.
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leaves. Sulfate is redistributed from mature 
leaves to roots (Bell et al. 1995; Rennenberg 
et al. 1979), younger leaves (Sunarpi and A nderson 
1996) or generative sinks (seeds). As redistri-
bution occurs during development,  patterns of 
expression are modified, in some cases only in 
specific cells, for example to facilitate xylem 
to phloem transfer enabling preferential flux to 
young leaves rather than mature leaves (Ander-
son 2005). Redistribution is an important process 
during grain  filling in cereals and coincides with 
redistribution of resources (N, C and S) occur-
ring during leaf  senescence. Sulfate in the vac-
uoles of mature leaves is an important store of 
sulfur and redistribution is  particularly  important 
under sulfur- limiting  conditions, although the 
efficiency for this may vary between species. For 
example in  Macroptilium atropurpureum sulfate 
pools were only slowly redistributed from mature 
leaves (Clarkson et al. 1983) and in Brassica 
napus there was a time delay before sulfate 
was redistributed from mature to young leaves 
(Blake-Kalff et al. 1998). It has been suggested 
that remobilization from the vacuole (the major 
internal store of sulfate) may be limiting (Bell 
et al. 1994). In response to sulfur- limitation, 
 transporters involved in primary uptake in the 
root (BSULTR1;1 and 1;2), those involved 
in low affinity internal transport (2;1) and in 
vacuolar efflux (4;1) show increased transcript 
 abundance. Similarly in stem tissues BSULTR2;1 
shows increased expression in response to 
 sulfur- limitation, as does BSULTR1;1 and 1;2, 
and in the leaves BSULTR1;1, 1;2, 4;1 and 4;2 
increase in expression. Increased expression of 
the  vacuolar efflux transporters correlates with 
unloading tissue sulfate during sulfur-stress, 
that is utilizing stored reserves, whereas the 
increased expression of BSULTR1;1 and 1;2 
observed in leaf tissue may reflect a localized 
requirement for enhanced uptake into a cell, for 
example in young tissues.

Most research has focused on uptake into cells 
but as outlined above, there is also a requirement 
for efflux. There is little data to indicate how 
this is achieved at the molecular level, whether 
involving discrete transporters, specific or  non-
specific ion channels (Frachisse et al. 1999; 
 Roberts 2006) or whether the SulP family cat-
alyzes these effluxes. This is an area requiring 
 further examination.

VII. Regulation by Availability 
and Demand

Increased capacity for sulfate uptake has already 
being described for many eukaryotic algae (see 
above). A marked induction of sulfate transport 
capacity under sulfur insufficient conditions is also 
seen in cell cultures (Smith 1975), in plant roots 
including barley (Lee 1982) and Macroptilium 
 atropurpureum (Clarkson et al. 1983) and in isolated 
Brassica napus vesicles (Hawkesford et al. 1993).

Uptake into barley increases at least 10–15-
fold, and this appears to be an increase in V

max
 

rather than an effect on K
m
. This increase is 

interpreted as increased transporter abundance 
rather than modification of transporter kinet-
ics. Increased transporter capacity in isolated 
 vesicles also indicated an increase specifically 
in a  membrane component as being responsible 
for the increased transport capacity (Hawkes-
ford et al. 1993). Transcript abundance has 
been  determined with the availability of gene 
probes and in most cases a massive increase in 
transcript abundance upon sulfur-limitation has 
been observed (Smith et al. 1995a; Smith et al. 
1997). Upon sulfur re-supply the abundance of 
transcripts reduced rapidly ( usually within a few 
hours)  indicating a rapid sensing and transduction 
pathway for the repression (Buchner et al. 2004b; 
Smith et al. 1997). Using an antibody to a synthe-
sized polypeptide, plasma membrane-located sul-
fate transporter protein was detected and seen to 
change in abundance in parallel with changes in 
whole plant sulfate uptake capacity (Hawkesford 
and Wray 2000; Hopkins et al. 2005). A notable 
exception to this simple regulatory model was 
noted in potato (Hopkins et al. 2005), where only 
a small transient increase in uptake capacity was 
seen in spite of a large change in specific mRNA 
abundance. In all cases the change in transcript 
abundance appears to be very great in contrast 
to the measured changes in transporter activity. 
This may indicate additional post transcriptional 
 levels of control.

A model for repression of transporter activ-
ity by sulfate or reduced sulfur compounds and   
de-repression under sulfur limiting conditions 
when these compounds are depleted has been 
suggested. This is based on evidence of external 
supply of sulfate or cysteine inhibiting sulfate 
uptake in cultured tobacco cells (Smith 1976) 
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or of  methionine inhibiting sulfate uptake in 
Chlorella (Passera and Ferrari 1975), or glutath-
ione  inhibiting uptake in tobacco cells or roots 
( Herschbach and Rennenberg 1994; Rennenberg 
et al. 1988; Rennenberg et al. 1989). Analysis of 
mRNA abundance indicates that substantial regu-
lation is at the level of  transcription (Smith et al. 
1997) and efforts have been made to determine 
the identity of the  regulatory molecule more pre-
cisely. For example, feeding  experiments on sul-
fur-depleted maize seedlings showed that cysteine 
but not glutathione repressed sulfate transporter 
expression in the presence of the  glutathione syn-
thesis inhibitor butathionine sulphoximine (Bolchi 
et al. 1999). Similar  experiments in Arabidopsis, 
again using butathionine sulphoximine,  indicated, 
in contrast, that glutathione synthesis was required 
for repression (Lappartient et al. 1999) and 
 furthermore glutathione in the phloem acted as a 
shoot to root signal indicating shoot demand for 
sulfur (Lappartient and Touraine 1996). A refine-
ment of the model includes OAS, the precursor 
for cysteine and the direct link to C/N metabo-
lism, as a positive effector of sulfate transporter 
gene expression (Neuenschwander et al. 1991; 
Smith 1977; Smith et al. 1997). This dual model 
is based on the proposed regulatory model for the 
cysteine regulon in Escherichia coli (Kredich 1993) 
and has been adopted as a basic working model in 
plants (Hawkesford et al. 2003), although no homo-
logues of the substrate-interacting trans-acting fac-
tors found in E.coli are known in plants. External 
supply of OAS to plant roots resulted in increased 
sulfate transporter  transcript abundance in  parallel 
with increased tissue cysteine and glutathione, sug-
gestive of a dominant influence of OAS (Smith 
et al. 1997). Whilst over-expression of enzymes 
leading to OAS accumulation in leaf tissues resulted 
in sulfate transporter transcript induction in the roots, 
measurements in the same study of bulk tissue OAS 
accumulation after  prolonged sulfur- limitation did 
not correlate with transcript abundance or uptake 
activity (Hopkins et al. 2005). The role of OAS in 
regulatory mechanisms remains to be confirmed.

VIII. Signal Transduction Pathway

Expression of many components of the sulfate 
transport system in cyanobacteria, algae and plants 
respond to availability of or demand for sulfur. 

The sensing may be via metabolic  intermediates 
which accumulate or are depleted (section VII) 
and these levels must then be  transduced to 
changes in gene expression via trans-acting 
 factors in a manner similar to that found in  bacteria 
(Kredich 1993) or yeast ( Thomas and Surdin-
Kerjan 1997). Three mutants (sac1, 2, 3) affect-
ing responses to sulfur supply were  identified 
in Chlamydomonas ( Davies et al. 1994). Sac1 
is a membrane protein and may be involved in 
sensing and is critical in the down-regulation of 
photosynthesis during sulfur limitation ( Davies 
et al. 1996) and up-regulation of ATP sulfury-
lase (Yildiz et al. 1996); no close homologue has 
been found in vascular plants. Sac2 mutants also 
have weakened induction of sulfur-deficiency 
induced genes, but the nature of the sac2 gene 
is unknown. The sac3 protein is a Snf1-like pro-
tein kinase and the mutant lacks any control of 
the arylsulfatase gene and fails to up-regulate 
high affinity sulfate transport in response to sul-
fur-limitation (Davies et al. 1999). The  closest 
plant homologue is SNRK2.3 and  mutations in 
this gene in Arabidopsis reduced induction of the 
ATSULTR2;2 gene in sulfur-limited conditions 
(Kimura et al. 2006). Cytokinins may be inde-
pendently involved in the regulation of the trans-
porters as cytokinin treatment down- regulated 
AtSULTR1;1 and 1;2, and was dependent on 
the CRE1/WOL/AHK4 receptor (Maruyama-
Nakashita et al. 2004b).  A seven base-pair  cis-
acting element, termed SURE (sulfur-responsive 
 element), has been identified which occurs in the 
promoter region of many sulfur responsive genes, 
including the transporters (Maruyama-Nakashita 
et al. 2005) but also in non-responsive gene pro-
moters; therefore additional, as yet unidentified 
cis-elements must be required to confer specifi-
city. A transcription factor, SLIM1, identified 
in a screen for sulfur deficiency-non-responsive 
mutants, belonging to the EIL family (ethylene-
insensitive-like), has been shown to be required 
for induction of SULTR1;2 and other sulfate 
transporter gene expression under low sulfur 
conditions (Maruyama-Nakashita et al. 2006). 
Interestingly, although also involved in activating 
expression of glucosinolate degradation pathway 
genes, sulfur-regulation of APS reductase gene 
expression appears to be independent of SLIM1. 
A specific requirement for a protein phosphatase 
as an upstream regulatory factor for SULTR;1 



26 Malcolm J. Hawkesford

induction of expression by sulfur deficiency has 
also been proposed (Maruyama-Nakashita et al. 
2004a). All of these observations have yet to be 
integrated into a coherent model of a signal trans-
duction pathway.

IX. Perspective

Since the early descriptions of sulfate transport 
in cereals and in algae, substantial progress has 
been made in elucidating the complexity of sul-
fate transport systems. A major task remains to 
understand regulation of expression of isoforms 
in relation to changing availability and demand, 
particularly in complex vascular plants. In vascu-
lar plants the roles for many of the SulP isoforms 
are elusive and a focus for continuing research. 
Elucidation of transporter structure may provide 
insights into regulation and selectivity, for exam-
ple between sulfate and selenate. An intrigu-
ing area concerns the significance of the STAS 
domain and possible interactions with other pro-
teins in the cell. With the predominant emphasis 
having been on uptake, and to some extent sub-
cellular transport, the molecular basis of efflux 
mechanisms, which may be catalyzed by chan-
nels or members of the SulP family, and which 
are responsible for cell to cell transfer and xylem 
loading are virtually unknown.
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I. Introduction

A. Sulfate Assimilation

Sulfur occurs in nature in various oxidation states 
in inorganic, organic, and bioorganic compounds. 
Sulfur can readily change its oxidation state, there-

fore oxidized sulfur compounds serve as terminal 
electron acceptors in respiration of sulfate reduc-
ing bacteria and reduced sulfur compounds sup-
port chemotrophic or phototrophic growth of many 
bacteria and Achaea as electron donors. Sulfur is 
an essential nutrient for all organisms as it is part of 
cysteine and methionine, sulfur containing proteo-
genic amino acids with frequent catalytic and struc-
tural functions, coenzymes and prosthetic groups 
such as iron–sulfur clusters, thiamine, lipoic acid, 
coenzyme A, etc. In these metabolites sulfur is in 
a reduced form, however, the major form of sulfur 
available in nature is in the oxidized form of sulfate. 
Many microorganisms, algae, plants and fungi (but 
not animals) are able to take the sulfate up, reduce 
it and incorporate in amino acids in the pathway of 
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Summary

Sulfur is an essential nutrient for all organisms. The majority of sulfur in nature is found in inorganic form of 
sulfate, which has to be reduced and incorporated into bioorganic compounds. Assimilatory sulfate reduction 
occurs in various chemotrophic bacteria and fungi and in photosynthetic organisms, but is missing in animals 
and most prokaryotic and eukaryotic obligate parasites. Despite its central position in plant primary metabo-
lism, the question of evolution of the pathway and origin of plant genes involved in sulfate assimilation has 
never been addressed. We have therefore made use of the vast amount of available sequence data to perform 
a phylogenetic analysis of sulfate assimilation genes from a range of lineages of photosynthetic organisms 
including photosynthetic bacteria, primary symbionts such as plants, green and red algae and various second-
ary and tertiary symbionts. The analysis revealed very complicated relations between the different lineages 
and different evolutionary histories of the individual genes of the pathway. Whereas, for example, plant sulfite 
reductase is clearly of a cyanobacterial origin, the other genes in the pathway, although being plastidial are, 
unusually, not of cyanobacterial origin. The clear separation between adenosine phosphosulfate- and phos-
phoadenosine phosphosulfate-reducing organisms seen in previous analyses has been lost with the inclusion 
of genes from diatom and cryptomonad secondary symbiont algae. In fact, a new variant of the key enzyme of 
sulfate assimilation, adenosine 5′-phosphosulfate reductase, lacking an iron sulfur cofactor, has been discov-
ered. In addition, many interesting fusion proteins between various components of the pathway were uncov-
ered in the newly sequenced algal genomes which open new exciting opportunities to improve the efficiency 
of the pathway or some of its reactions. In the chapter, protein phylogenies of seven enzymes of the pathway 
will be discussed in detail with relation to distribution of enzyme variants among prokaryotic and eukaryotic 
lineages, origin of plant genes, and the origin of genes in algae with secondary and tertiary plastids.

Abbreviations: APR – adenosine 5′-phosphosulfate reduct-

ase; APS – adenosine 5′-phosphosulfate; ATPS – ATP sul-

furylase; CBS – cystathionine β-synthase; EST – expressed 

sequence tag; GSH – glutathione; LGT – lateral gene 

transfer; OAS – O-acetylserine; OASTL – O-acetylserine 

(thiol)lyase; PAPS – 3′-phosphoadenosine 5′-phospho-

sulfate; PPase – inorganic pyrophosphatase; SAT – serine 

acetyltransferase; SiR – sulfite reductase
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assimilatory sulfate reduction (Fig. 1). In this path-
way the entry of sulfate into cells is facilitated by 
sulfate transporters. The chemically stable sulfate 
has to be activated before reduction by adenylation 
with ATP to adenosine 5′-phosphosulfate (APS) in a 
reaction catalyzed by ATP sulfurylase (ATPS). APS 
can be directly reduced to sulfite by APS reductase 
(APR) or phosphorylated by APS kinase to form 
3′-phosphoadenosine 5′-phosphosulfate (PAPS). 
PAPS is reduced to sulfite or serves as a source of 
activated sulfur for various sulfonation reactions 
modifying proteins, saccharides or secondary com-
pounds. PAPS reductase uses thioredoxin as an elec-
tron donor, whereas APS reductase can be either 
thioredoxin-dependent or react with glutathione (see 
section III.D). APS dependent pathway is more fre-
quent, being found in plants, algae, and most bacteria, 
while the PAPS reductase seems to be restricted to 
fungi, some enteric γ-proteobacteria and many (but 
not all) cyanobacteria. Sulfite produced by APR or 
PAPS reductase is then reduced to sulfide by sulfite 
reductase (SiR). The reaction requires the transfer of 
six electrons provided by NADPH in chemotrophic 
organisms or by ferredoxin in phototrophs, thus link-
ing sulfate assimilation with photosynthesis. Sulfide 
is then incorporated into the amino acid skeleton of 
O-acetylserine or O-acetylhomoserine (in fungi) to 
form cysteine or homocysteine respectively in a reac-
tion catalyzed by O-acetyl(homo)serine-(thiol)lyase 
(OASTL). The activated precursor is provided from 
serine and acetyl-coenzyme A by serine acetyltrans-
ferase (SAT). SAT and OASTL form a multienzyme 
complex often called cysteine synthase. The path-

way of plants was subjected to many comprehensive 
reviews (Leustek et al., 2000; Hawkesford and Wray, 
2000; Saito, 2004; Kopriva and Rennenberg, 2004; 
Rausch and Wachter, 2005; Kopriva, 2006) and is 
described in great detail elsewhere in this book.

It should be noted that sulfate is reduced in 
many bacteria and Archaea in a dissimilatory man-
ner as an electron acceptor for respiration. The dis-
similatory sulfate reduction often utilizes the same 
enzyme activities as sulfate assimilation, i.e., ATP 
sulfurylase, APS reductase, and sulfite reductase, 
but the structure of these enzymes is very different 
(Hansen, 1994; Stahl et al., 2002) and will there-
fore not be discussed here in detail. The biochem-
istry and molecular biology of dissimilatory sulfur 
metabolism will be described in section IV.

B. Photosynthetic Organisms

This chapter focuses on the evolution of sulfate 
assimilation in plants and other photosynthetic 
organisms. The rationale for this limitation is firstly 
the clear physiological link of sulfate assimilation 
to photosynthesis and, secondly, the vast amount 
of new sequence data available for photosynthetic 
organisms, including various algae that have not 
yet been thoroughly exploited. Photosynthesis uses 
energy from light to produce chemical energy and 
is therefore essential for life on Earth. Photosyn-
thesis occurs in plants, algae, and several groups 
of photosynthetic bacteria. Whereas in plants and 
algae photosynthesis is confined to chloroplasts, 
in photosynthetic bacteria it occurs directly in the 
cytoplasm. The photosynthesizing bacteria can be 
separated in two major groups. Cyanobacteria pos-
sess chlorophyll and are capable of oxygen gen-
eration whereas other photoautotrophic bacteria 
absorb light with the help of bacteriochlorophyll 
and exist in an anoxygenic environment.

The ability for phototrophic life in bacteria is not 
limited to a phylogenetically distinct group. Bacte-
riochlorophyll dependent photosynthesis is found 
in five classes of bacteria: (1) green sulfur bacteria 
(Chlorobium, Chlorobaculum, and Pelodictyon), 
(2) Chloroflexus division called also green non-sul-
fur bacteria (Chloroflexus, Roseiflexus), (3) Helio-
bacteriaceae, within the low GC Gram positive 
bacteria, (4) purple  sulfur bacteria of γ-proteobac-
teria (Chromatium, Thiocapsa, Ectothiorhodospira) 
and (5)  purple non-sulfur bacteria spread between 
α- (e.g., Rhodobacter, Rhodopseudomonas, Roseo-
varius, Rhodospirillum) and β-proteobacteria (Rho-

Fig. 1. Assimilatory sulfate reduction in plants.
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doferax, Rubrivivax) (Imhoff, 1992). These bacteria 
use hydrogen, sulfide, thiosulfate, or ferrous iron as 
electron donors to support their anoxic, phototrophic 
growth. A special physiological group is capable 
of aerobic photosynthesis, it includes species such 
as Roseobacter, Roseococcus, or Porphyrobacter, 
which use light energy only as a supplement and 
are not capable of photoautotrophic growth (Yurkov 
and Beatty, 1998). More details on  taxonomy of 
anoxygenic photosynthetic bacteria are available in 
Chapter 14.

Cyanobacteria are a morphologically diverse 
group of bacteria. Because of their ability to photo-
synthesize they have been described in the past as 
‘blue-green algae’ (Stafleu et al., 1972) and their 
classification is still based more on phenotypi-
cal characters than molecular data. Cyanobacteria 
are divided into five major orders (Chroococcales, 
Nostocales, Oscillatoriales, Pleurocapsales, and 
Stigonematales) (Waterbury, 2001). Cyanobacteria 
are the accepted ancestors of all plastids (Nelissen 
et al., 1995; Cavalier-Smith, 2002). The primary 
endosymbiosis which gave rise to primary plastids 
is thought to have been a single event after which 
much of the cyanobacterial genome was transferred 
to the nucleus and the glaucophytes diverged, fol-
lowed by red and green algae, the latter of which also 
gave rise to plants (McFadden, 2001; Martin et al., 
2002; Rodriguez-Ezpeleta et al., 2005). This theory 
is strongly corroborated by phylogenetic analyses 
that show strong support for cyanobacteria and plants 
and algae as sister taxa in phylogenies based on the 
majority of plastid proteins (Martin et al., 2002; Chu 
et al., 2004). The great diversity of today’s algal 
world is, however, due to further endosymbiosis 
events in which red or green algae were engulfed by 
eukaryotic hosts and gave rise to secondary and terti-
ary plastids (Archibald and Keeling, 2002; Bhattach-
arya et al., 2004; Patron et al., 2006). These complex 
plastids are surrounded by three or more membranes 
(Schwartzbach et al., 1998) and require new mecha-
nisms of protein transport (Sulli et al., 1999; Waller 
et al., 2000; van Dooren et al., 2001; Patron et al., 
2005). Euglenoids and chlorarachniophytes have 
secondary plastids of a green algal origin, though 
neither plastid nor host cell are directly related. 
Heterokonts, haptophytes, cryptophytes, apicompl-
exans, and dinoflagellates (collectively, chromalveo-
lates) all possess secondary endosymbionts derived 
from red algae and although the bulk of molecular 
evidence supports a single red-algal endosymbiotic 

event (Fast et al., 2001; Archibald and Keeling, 2002; 
Yoon et al., 2002a; Cavalier-Smith, 2003; Harper 
and Keeling, 2003; Bhattacharya et al., 2004; Patron 
et al., 2004; Waller et al., 2006), the relatedness of 
the plastid is still a matter of contention (Bodyl, 
2004; Sánchez Puerta et al., 2005). To add to the 
complexity, in some dinoflagellates, such as Kryp-
toperidinium or  Karlodinium, the secondary plastid 
was replaced by a plastid from another secondary 
alga, resulting in tertiary plastid (Chesnick et al., 
1997; Yoon et al., 2002b; Patron et al., 2006). A con-
sequence of these complex evolutionary histories 
is that the genomes of such secondary and tertiary 
symbionts are a mosaic drawn from many sources, 
which makes analyses of evolutionary origins of sin-
gle genes a very difficult task.

C. Genomics of Photosynthetic Organisms

The technological progress in high throughput 
DNA sequencing created vast amount of data, most 
of which is publicly available for analysis. This is 
especially true for bacterial genomes, where since 
the completion of the first genome of Haemophillus 
influenzae (Fleischmann et al., 1995) 599 bacterial 
genomes have been fully sequenced (NCBI Entrez 
Genome Project, November 2007). To date there are 
complete sequences for 29 cyanobacterial genomes, 
as well as many photosynthetic bacteria: 4 green 
sulfur bacteria (Chlorobium tepidum, C. chlorochro-
matii, C. phaeobacteroides, Pelodictyon luteolum), 
a green non-sulfur bacterium Chloroflexus auran-
tiacus, 12 species and strains of purple non-sulfur 
bacteria (such as Rhodobacter sphaeroides, Rhodop-
seudomonas palustris, Rhodospirillum rubrum, Rho-
doferax ferrireducens, or Rubrivivax gelatinosus), and 
6 aerobic phototrophic bacteria (e.g., Erythrobacter 
litoralis, Roseobacter sp., and Roseovarius nubinhi-
bens). Many plant and algal genomes have also been 
completely sequenced, e.g., Arabidopsis thaliana 
(The Arabidopsis Genome Initiative, 2000), Oryza 
sativa (Goff et al., 2002; Yu et al., 2002), Populus tri-
chocarpa (http://genome.jgi-psf.org/Poptr1/Poptr1.
home.html), Physcomitrella patens (http://moss.
nibb.ac.jp/), Selaginella moellendorffii (http://www.
jgi.doe.gov/ sequencing/why/CSP2005/selaginella.
html), Chlamydomonas reinhardtii (http://genome.
jgi-psf.org/Chlre3/Chlre3.home.html; Grossman, 
2005), Cyanidioschyzon merolae (http://merolae.
biol.s.u-tokyo.ac.jp/; Matsuzaki et al., 2004), and 
Thalassiosira pseudonana (Armbrust et al., 2004). In 
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addition, a large number of EST projects have been 
initiated for several diverse algae such as Bigelow-
iella natans, Cyanophora paradoxa, Glaucocystis 
nostochinearum, Heterocapsa triquetra, Karlodin-
ium micrum, and Pavlova lutheri, within the Protist 
EST Program (http://amoebidia.bcm.umontreal.
ca/public/pepdb/welcome.php). Clearly, this wealth 
of sequence information enables now to study the 
evolution of metabolic pathways and the plasticity of 
photosynthetic organisms.

II. Occurrence of Sulfate Assimilation 
in Different Taxa

Although sulfate assimilation is essential for 
autotrophic growth and synthesis of cysteine and 
methionine, the pathway seems to be readily dis-
pensable when the lifestyle of organism allows. It 
is absent in all metazoans, which satisfy their need 
for reduced sulfur by ingestion of sulfur containing 
amino acids cysteine or methionine. Interestingly, 
whereas plants can synthesize methionine from 
cysteine and not vice versa, animals possess the 
enzymes for the reverse transsulfuration pathway 
to synthesize cysteine from methionine and not the 
methionine biosynthetic genes (Leustek et al., 2000; 
Stipanuk, 2004). Therefore, methionine is an essen-
tial amino acid for animal nutrition. Another group 
of organisms lacking sulfate assimilation pathway 
are numerous bacteria and protists adapted to para-
sitism. In bacterial species that have undergone a 
significant genome reduction, the sulfate assimila-
tion operon is almost invariably lost (Sakharkar et 
al., 2004; Nozaki et al., 2005). This is enabled by 
the adaptation of the nutrition of these parasites for 
metabolites provided by the host. Eukaryotic para-
sitic protists such as certain apicomplexans and the 
ciliates, interestingly the sister taxa to dinoflagel-
lates, as well as parasitic fungi such as microsporidia, 
presumably scavenge reduced sulfur compounds 
from their host (Fulton and Grant, 1956; Payne and 
Loomis, 2006). A third group of organisms usually 
lacking sulfate assimilation are Archaea and bacteria 
using dissimilatory sulfide (or thiosulfate) oxida-
tion or sulfate reduction for respiration and energy 
conversion. The habitats of such organisms always 
contain sulfide (Perez-Jimenez and Kerkhof, 2005), 
therefore, there is no need for sulfate assimilation 
to sustain cysteine biosynthesis. In total, from the 
551 completely sequenced bacterial genomes 300 

revealed a capacity for sulfate assimilation judged 
by the presence of the cysH gene encoding APS/
PAPS reductase and the same was true for 5 out of 
48 sequenced Archaea.

On the other hand, sulfate assimilation is present 
in plants, algae, and fungi. In plants and primary 
algae (green, red, and glaucophytes) the reductive 
part of the pathway, i.e., APR and SiR, is confined to 
plastids, whereas ATPS and APS kinase are present 
in plastids and in the cytosol and cysteine synthesis 
takes place in the plastids, cytosol, and mitochon-
dria (Leustek et al., 2000; Rotte and Leustek, 2000; 
Koprivova et al., 2001; Wirtz et al., 2004). There 
is not enough information on localization of the 
pathway in secondary and tertiary symbionts, but 
in many cases, e.g., the stramenopile (diatom) Tha-
lassiosira pseudonana, the genes seem to encode 
proteins with pre-sequences that suggest a chloro-
plast location. The only remarkable exception is 
Euglena gracilis, which possesses a sulfate-reduc-
ing pathway in the mitochondria (Brunold and 
Schiff, 1976; Saidha et al., 1988). Yeasts and other 
fungi seem to reduce sulfate in the cytosol.

III. Phylogenetic Analysis of Sulfate 
Assimilation Genes

The recent increase in availability of sequence infor-
mation from various algae and plants enables a wide 
sampling of taxa for thorough phylogenetic analy-
sis of photosynthetic organisms. The questions of 
the origin of plant genes and metabolic diversity of 
plants and algae can be now addressed with much 
better resolution. In addition, the possibility of using 
the genomic information for phylogenomics allows 
for the reconstruction of the evolutionary history of 
organisms (Delsuc et al., 2005), which is especially 
important for the complex algal lineages. Since sul-
fate assimilation is essential for plants and algae 
and is directly linked with photosynthesis we have 
undertaken a detailed phylogenetic analysis of the 
genes involved in the pathway.

A. Sulfate Transporters

1. Types of Sulfate Transporters

Before sulfate can be reduced it has to be taken 
up into the cells through the plasma membrane 
and, in organisms that reduce sulfate in the 



36 Stanislav Kopriva et al.

 plastid, further transport across the membranes 
of cellular organelles is also required. In addi-
tion, in plants a long distance sulfate transport 
from roots to the shoots requires additional trans-
port steps between cells of different tissues. The 
transport of sulfate is facilitated by transporters 
via a proton coupled co-transport (Hawkesford 
et al., 1993), or anion exchange and sodium co-
transport in animals (Markovich, 2001). Because 
of the various transport steps, a large number of 
specific transporters with different affinities for 
sulfate exist in plants (reviewed in Buchner et al., 
2004, see also Chapter 2). On the other hand, most 
microorganisms possess only a simple sulfate 
uptake system (Sirko et al., 1990; Laudenbach 
and Grossman, 1991; Kertesz, 2001). The ATP 
dependent uptake is accomplished by a permease 
complex composed from three cytoplasmic mem-
brane components CysA, CysT, and CysW and a 
sulfate binding protein SbpA in the periplasmic 
space (SulT family transporter). In addition to 
this ABC type of transporter, some bacteria pos-
sess a sulfate transporter from the major facilita-
tor superfamily (MFS; Kertesz, 2001). Yeast and 
filamentous fungi possess two isoforms of high 
affinity sulfate transporters (Cherest et al., 1997; 
Van de Kamp et al., 2000). These are single mem-
brane proteins of 80–95 kDa with 10 or 11 pre-
dicted transmembrane domains. P. chrysogenum 
with a mutation in the SutB transporter are unable 
to grow on sulfate as sole sulfur source, whereas 
S. cerevisiae with both transporters disrupted are 
able to grow at very high sulfate concentrations 
(30 mM) indicating a presence of a low affinity 
sulfate uptake system, at least in yeast. Animals 
also contain multiple sulfate uptake systems: three 
sodium dependent transporters NaSi-1, SUT-1, 
and NaDC-1 and at least five anion exchangers 
(Markovich, 2001).

In higher plants sulfate transporters are encoded 
by a large family of 14 genes in Arabidopsis and 
15 genes in rice. The genes can be divided into 
five groups according to sequence similarity (see 
Chapter 2). The individual genes have distinct 
affinities for sulfate and tissue-specific expression. 
Surprisingly in the completely sequenced genomes 
of the lower plants P. patens and S. moellendorffii 
only genes from groups 1 and 4, i.e., high affinity 
and vacuolar transporters, respectively, were identi-
fied. The green alga Chlamydomonas contains three 
‘plant-type’ sulfate transporter genes and another 

nuclear gene encoding a SulP transporter responsible 
for sulfate transport into the chloroplast. SulP is 
closely related to the ABC transport system from 
cyanobacteria and similar genes are found in chlo-
roplast genomes of several other green algae and 
the lower plants Mesostigma viride, Marchantia 
polymorpha, and Anthoceros formosae. The trans-
porter responsible for sulfate uptake into plastids 
of higher plants still remains to be identified. In 
the complete genomes of the red alga C. merolae 
and the stramenopile, T. pseudonana, which has a 
secondary plastid of red-algal origin, only genes 
encoding a bacterial type MFS sulfate transporter 
are found. The prokaryotic MSF transporters are 
found in several other algae with plastid of red-
algal origin, such as the haptophytes Pavlova lutheri 
and Isochrysis galbana and the dinoflagellate 
Karlodinium micrum, additionally a ‘plant-type’ 
transporter was found in P. lutheri.

2. Phylogenetic Analysis

An analysis of the full-length sequences reveals 
most of the streptophytes form a well-supported 
clade and, although Arabidopsis and O. sativa 
isoforms form five moderate- to well-supported 
sub-clades indicating that these duplicated in the 
ancestors of tracheophytes, the multiple isoforms 
from the lower plants P. patens and S. moellen-
dorffii seem to have duplicated independently 
within those lineages (Fig. 2). The transporters 
of the green-lineage group together with strong 
support but are not related to cyanobacteria, as is 
often the case for transporters. In contrast, the red-
lineage plastid transporters from C. merolae and 
T. pseudonana fall within a strongly supported 
clade of bacteria including cyanobacteria. The 
transporters from P. patens and S. moellendorf-
fii, which cluster with group 1 transporters when 
only plant sequences are analyzed are positioned 
basal to the node separating low affinity (group 2) 
and high affinity (group 1) transporters of higher 
plants. Thus, their function as high or low affinity 
transporters has to be verified experimentally.

B. ATP Sulfurylase

1. Biochemical Properties

ATP sulfurylase (EC 2.7.7.4) catalyzes  activation 
of sulfate by adenylation to APS. The formation of 
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APS is an energetically very unfavorable process, 
which has to be driven forwards by consumption 
of the reaction products by subsequent reactions. 
APS is thus reduced to sulfite by APR or phos-
phorylated to PAPS by APS kinase. However, 
the hydrolysis of the second reaction product 
of ATPS, pyrophosphate, by inorganic pyro-
phosphatase (PPase) also contributes to shifting 
of reaction equilibrium towards APS synthesis. 

ATPS is found also in Metazoa, in which, although 
unable to reduce sulfate, it plays an essential role 
in the synthesis of PAPS as a donor of activated 
sulfate for various sulfotransferases (Varin et al., 
1997; Honke and Taniguchi, 2002). In these spe-
cies ATPS and APS kinase are fused, creating 
a single bifunctional protein, PAPS synthetase 
(Rosenthal and Leustek, 1995; Venkatachalam, 
2003). Similarly, in Mycobacteria and Rhizobia 

Fig. 2. Protein maximum likelihood phylogeny for plant type sulfate transporters. The tree was inferred using PhyML with nine 
categories of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likeli-
hood, as determined by PhyML, and weighted neighbor joining. Analysis used 285 characters, the gamma-shaped parameter 
1.797 and proportion of invariable sites 0.000. Photosynthetic organisms are typed in bold.
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ATPS and APS kinase are essential for the syn-
thesis of PAPS to enable the sulfation of viru-
lence and Nod factors, respectively (Folch-Mallol 
et al., 1996; Mougous et al., 2006). ATPS is also 
required in anaerobic sulfate-reducing bacteria, 
where APS serves as terminal electron acceptor 
for respiration, and in several classes of chemoli-
totrophic bacteria, which use ATPS to synthesize 
ATP from APS and pyrophosphate (Kappler and 
Dahl, 2001).

2. Types of ATPS in Different Organisms

ATPS from different organisms have very dif-
ferent molecular structures in terms of subunits, 
however the basic subunit in some of them is 
conserved and readily alignable. Plant ATPS is a 
homotetramer of 52–54 kDa polypeptides (Murillo 
and Leustek, 1995). Activity has been detected 
in both chloroplasts and the cytosol (Lunn et al., 
1990). In Arabidopsis, the overall foliar ATPS 
activity continually declined during plant growth. 
During this time the more abundant chloroplast 
ATPS activity decreased, while cytosolic activ-
ity grew (Rotte and Leustek, 2000). ATPS thus 
seems to have different functions in the two com-
partments: sulfate assimilation in the plastids and 
activation of sulfate for synthesis of sulfated com-
pounds in the cytosol (Rotte and Leustek, 2000). 
ATPS is encoded by small multigene families in 
all plant species analyzed to date. cDNAs encod-
ing chloroplast and cytosolic isoforms of ATPS 
were isolated from potato (Klonus et al., 1994). 
On the other hand, four isoforms of ATPS were 
isolated from Arabidopsis, all of them containing 
a chloroplast transit peptide (Murillo and Leus-
tek, 1995; Hatzfeld et al., 2000a) and so activity 
in the cytosol is unaccounted for. No informa-
tion is available for the biochemical properties of 
ATPS from algae. However, sequence analysis 
of the two ATPS isoforms found in the genome 
of the diatom T. pseudonana revealed one fused 
to APS kinase and PPase forming a polypro-
tein, which indicates an increased efficiency of 
catalysis compared with ATPS alone. As already 
discussed, metazoan ATPS is part of PAPS syn-
thetase and functions as a single protein of 56 kDa 
(Venkatachalam, 2003). Most animals possess two 
copies of the gene. ATPS from yeast and fungi is 
also fused to APS kinase; however, the protein 
is a homohexamer of 59 to 64 kDa subunits. The 

APS kinase-like domain is not functional and is 
the site of allosteric regulation by PAPS (MacRae 
et al., 2001; Ullrich et al., 2001). Bacterial ATPS 
on the other hand, consists of four heterodimers 
composed from 35 kDa CysD and 53 kDa CysN 
subunits (Leyh et al., 1988). CysD belongs to the 
ATP pyrophosphatase family of proteins and is 
thus distantly related to APR and PAPS reductase. 
CysD is the catalytic subunit of bacterial ATPS. 
Its activity is, however, energetically dependent 
on hydrolysis of GTP by the CysN subunit. CysD 
and CysN are therefore almost invariably linked 
in a single operon, which often contains the APS 
kinase encoding gene, CysC. Mycobacteria and 
Rhizobia, which require PAPS for sulfation, pos-
sess multiple copies of the CysD/N operon, the lat-
ter species as NodP and NodQ on the symbiotic 
plasmid. Interestingly, the bacterial CysN gene 
originated from an archaeal or eukaryotic trans-
lation elongation factor 1α (EF-1α) by lateral 
gene transfer (LGT) and acquired new function 
(Inagaki et al., 2002). No gene homologues of 
CysD or CysN (apart from EF-1α) are found 
among eukaryotes, so that this form of ATPS is 
limited to prokaryotes and some Archaea, which 
in turn most probably acquired the sulfate assimi-
lation operon by LGT from proteobacteria. A 
further ATPS can be found in the sulfate reduc-
ing bacteria where, similar to plants, it is a homo-
oligomer of single-function subunits (Sperling 
et al., 1998).

3. Phylogenetic Analysis

ATPS sequences were obtained from sequenced 
genomes and several EST projects. Multiple iso-
forms were found in most plant and algal spe-
cies. Maximum likelihood analysis resulted in a 
complex tree with many unexpected relationships 
(Fig. 3). Whereas the different isoforms of plant 
ATPS (plastidic and cytosolic) cluster together 
and are therefore results of relatively recent gene 
duplications these were, very surprisingly, unre-
lated to the chlorophyte sequences. Instead they 
are very strongly related to the ATPS part of the 
PAPS protein found in Metazoa.

The chlorophytes fall deep in a well-supported 
clade that also contains many alpha-proteobacteria, 
algae and protozoans with secondary-plastids and 
fungi. It is by no means certain, but certainly likely 
that the origin of these isoforms in eukaryotes is 
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Fig. 3. Protein maximum likelihood phylogeny for ATP sulfurylase. The tree was inferred using PhyML with nine categories 
of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likelihood, as 
determined by PhyML, and weighted neighbor joining. Analysis used 433 characters, the gamma-shaped parameter 1.514 and 
proportion of invariable sites 0.059. Photosynthetic organisms are typed in bold.
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the mitochondria. Also in this clade are several 
strains of Prochlorococcus/Synechoccus, known 
to exchange genetic data by LGT via phage with 
high frequency (Lindell et al., 2004; Sullivan et al., 
2005; Coleman et al., 2006). All other cyanobacte-
ria are elsewhere suggesting that these cyanobac-
teria obtained this isoform from a eukaryote.

The spread of the Viridiplantae suggests that 
there were ancestrally two isoforms in the ancestor 
of green algae and plants, one from an endosym-
biont and one from the host. The plant lineage 
kept the host copy while the green algal lineage 
kept the plastid copy. Since there is little sequence 
data from the basal chlorophyte lineages, from 
before the divergence of plants, this cannot be 
proven at present.

Algae in the red plastid lineage also encoded 
multiple isoforms of ATPS of differing evolution-
ary origins. The dissimilatory ATPS of anaerobic 
sulfate reducing and sulfur oxidizing bacteria clus-
ter with genes from some Gram positive bacteria, 
e.g., Bacillus subtilis, which does not possess the 
CysD/N system. Another surprising finding is that 
the ATPS from Entamoeba histolytica clustered 
among the bacterial taxa. The role for ATPS in 
Entamoeba is not obvious, since this eukaryote 
does not possess APS or PAPS reductase and is 
thus not able to reduce sulfate. However, Enta-
moeba produces monoethyl sulfate and 3-choles-
teryl sulfate (Bakker-Grunwald and Geilhorn, 
1992), therefore, the ATPS, which is fused to APS 
kinase, is probably responsible for production of 
the activated sulfate for these sulfations.

C. APS Kinase

1. Biochemical Properties

APS kinase (EC 2.7.1.25) catalyzes the transfer 
of phosphate from ATP to APS to form PAPS. 
PAPS is an important metabolite, not only as a 
form of activated sulfate for reduction in fungi 
and some heterotrophic bacteria but also for the 
sulfation of various metabolites. Although APS 
kinase does not participate in the pathway of sul-
fate assimilation in plants and algae, it interacts 
with the pathway by competing for APS with 
APR. The enzyme from Penicillium chrysogenum 
was crystallized as homodimer of 24 kDa subu-
nits (MacRae et al., 2000). In plants, APS kinase 
is localized in the chloroplast and the cytosol. 

Four genes encoding APS kinase are found in 
the Arabidopsis genome, all located on different 
chromosomes. Three of these genes code for pro-
teins with chloroplast transit peptides, the forth, 
located on chromosome 3, likely encodes the iso-
form responsible for cytosolic activity. Very little 
is known about the biochemical properties and 
functions of the individual plant APS kinases.

APS kinase belongs to the group of P-loop-fold 
proteins that hydrolyze or bind nucleoside tri-
phosphates, such as kinases and sulfotransferases 
(Leipe et al., 2003). Within this large group of 
proteins it belongs more specifically to the DxD 
group of kinases together with gluconate kinase, 
shikimate kinase, and dephosphocoenzyme 
A kinase. APS kinases from different organisms 
are well conserved. APS kinase is often found 
fused to ATP sulfurylase, which catalyzes the 
synthesis of its substrate. These fusion proteins 
contain the APS kinase domain at N-terminus 
(Metazoa) or at C-terminus (some bacteria and 
filamentous fungi) and can even be fused with yet 
another protein, as in T. pseudonana. Whereas in 
Metazoa the APS kinase is active in the synthe-
sis of PAPS, in filamentous fungi the APS kinase 
domain is inactive and functions in regulation of 
ATPS activity (MacRae et al., 1998). The PAPS 
in fungi such as P. chrysogenum, is synthesized 
from APS by a second APS kinase paralogue.

2. Phylogenetic Analysis

Analysis of APS kinase sequences revealed that the 
multiple isoforms found in plants and green algae are 
specifically related, the duplications having occurred 
at the base of the tracheophytes (Fig. 4). The position 
of the clade, however, is entirely unsupported, as is 
much of the backbone of the tree and so it is not clear 
if the ancestry is from the plastid (cyanobacterial) 
or from the host. Likewise the relationships between 
the fungal, metazoan and various proteobacterial 
lineage, though being individually supported, can-
not be resolved at present.

D. APS and PAPS Reductase

1. APS and PAPS Dependent Sulfate 
Assimilation – an Historical Overview

Since the sulfate assimilation pathway was first 
resolved in the enteric bacteria, Escherichia coli 
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and Salmonella typhimurium (Kredich, 1971), it 
was thought that both activation steps, adenyla-
tion of sulfate to APS with subsequent phosphor-
ylation to PAPS, are generally required for sulfate 
reduction. However, studies with the green alga 
Chlorella revealed that APS can be directly uti-
lized to form sulfite bound to a thiol carrier and 
the corresponding enzyme was named APS sul-
fotransferase (Tsang et al., 1971; Schmidt, 1972). 
The APS sulfotransferase activity was detected 
in a variety of plants and photosynthetic bacte-
ria (Schmidt, 1975; Schmidt and Trüper, 1977); 
therefore it was considered to represent the major 

 sulfate reducing enzyme in photosynthetic organ-
isms in contrast to enteric bacteria and yeast, which 
seemed to utilize PAPS for reduction (Brunold, 
1990, Schmidt and Jäger, 1992). Since APS and 
PAPS are very similar substrates and the reaction 
conditions for their reduction are also very simi-
lar, complementation of E. coli mutants deficient 
in cysH was chosen as a method to clone plant 
APS and/or PAPS reducing enzyme(s). Three 
homologous cDNA clones were obtained from 
A. thaliana encoding a protein similar to E. coli 
PAPS reductase with a C-terminal  thioredoxin-
like extension ( Gutierrez-Marcos et al., 1996; 

Fig. 4. Protein maximum likelihood phylogeny for APS kinases. The tree was inferred using PhyML with nine categories 
of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likelihood, as 
determined by PhyML, and weighted neighbor joining. Analysis used 151 characters, the gamma-shaped parameter 1.211 and 
proportion of invariable sites 0.086. Photosynthetic organisms are typed in bold.
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Setya et al., 1996). Since the enzyme produced 
sulfite from APS but not from PAPS, it was 
named APS reductase (Setya et al., 1996). The 
cDNA was shown to correspond to the previously 
characterized APS sulfotransferase but biochemi-
cal analysis of its reaction products revealed that 
it produces free sulfite and is therefore a reductase 
(Suter et al., 2000). In attempts to show that APR 
is the only plant enzyme responsible for sulfate 
reduction to sulfite the single copy gene encoding 
APR was disrupted in the moss Physcomitrella 
patens by homologous recombination (Koprivova 
et al., 2002). This resulted in loss of APR activity 
but not the ability of such plants to grow on sulfate 
as the sole sulfur source and thus led to cloning of 
putative PAPS reductase from this moss species 
(Koprivova et al., 2002). On the other hand, phy-
logenetic analysis found that many cysH genes, 
from various bacterial lineages, are more related 
to plant APR than to PAPS reductase from E. coli. 
These observations led to the discovery of bacte-
rial assimilatory APS reductase, which lacks the 
thioredoxin-like domain and requires thioredoxin 
for activity (Abola et al., 1999; Bick et al., 2000; 
Kopriva et al., 2002; Williams et al., 2002).

2. Biochemical Properties of APS 
and PAPS Reductases

APR catalyzes a thiol-dependent two-electron 
reduction of APS to sulfite (Suter et al., 2000). 
In higher plants it is localized exclusively in the 
plastids (Koprivova et al., 2001). The enzyme 
was first purified from the green alga Chlorella 
as a protein of molecular weight greater than 
300 kDa (Schmidt, 1972). Li and Schiff (1991) 
purified APR from Euglena gracilis as a tetramer 
of 25 kDa subunits, whereas APR from Porphyra 
yezoensis consisted of 43 kDa subunits (Kanno 
et al., 1996). The molecular mass of native Lemna 
minor APR (Suter et al., 2000) and recombinant 
APR2 from A. thaliana (Kopriva and Koprivova, 
2004) was estimated to be 91 kDa, revealing that 
plant APR is a dimer of ca. 45 kDa subunits. 
Assimilatory APR from several bacteria is either 
a dimer or monomer of approximately 30 kDa 
subunits (Kim et al., 2004; Carroll et al., 2005a). 
Both plant and bacterial assimilatory APR possess 
an atypical diamagnetic and asymmetric [Fe

4
S

4
] 

cluster (Kopriva et al., 2001, 2002; Carroll et 
al., 2005a). APR reactions can be divided into 

three steps. In the first the N-terminal part of the 
protein reacts with APS resulting in a stable reac-
tion intermediate with sulfite bound to the only 
conserved Cys residue between APS and PAPS 
reductases (Weber et al., 2000). In the second step 
the intermediate is released by the C-terminal 
thioredoxin-like domain in plant APR or by free 
thioredoxin in case of bacterial APR. Finally, 
the thioredoxin or thioredoxin-like domain are 
reduced by thioredoxin reductase or GSH (Weber 
et al., 2000; Kopriva and Koprivova, 2004; 
Carroll et al., 2005b).

PAPS reductase is comprised of two 28 kDa 
subunits devoid of any prosthetic groups. It 
contains a single conserved cysteine residue 
which is responsible both for the dimerisation and 
for enzyme activity. In the first step of the reac-
tion mechanism a reduced PAPS reductase binds 
PAPS, reduces it to sulfite and is oxidized in the 
process. The return to reduced state is achieved 
by reaction with reduced thioredoxin or glutar-
edoxin (Lillig et al., 1999).

APS reductase is found also in dissimilatory 
sulfate reducers and sulfur oxidizing bacteria 
and Archaea. The enzyme is a heterodimer of a 
75 kDa FAD containing α-subunit and a 20 kDa 
β-subunit binding two [Fe

4
S

4
] clusters (Fritz et 

al., 2002). Again, there is no sequence similarity 
to the assimilatory APR.

3. Distribution of APS and PAPS Reductases 
in Different Organisms

Biochemical data from various APS and PAPS 
reductases pointed to a clear association of the 
ability to reduce APS in the presence of an FeS 
cluster (for details see Kopriva and Koprivova, 
2004). Most importantly, a bifunctional APS/PAPS 
reductase from Bacillus subtillis possesses 
the FeS cluster. After chemical removal of the 
cofactor APS, but not PAPS, reduction is abol-
ished (Berndt et al., 2004), which strongly cor-
roborates the functional link between the cluster 
and APS reduction. The cofactor is bound to the 
protein by three or four cysteine residues, which 
are found as two invariant Cys pairs in almost 
all APR proteins (Kopriva et al., 2002; Kim 
et al., 2004; Kopriva and Koprivova, 2004; Carroll 
et al., 2005a). These cysteine pairs thus serve as a 
sequence marker to distinguish APS from PAPS 
reductases (Kopriva et al., 2002; Kopriva and 
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Koprivova, 2004). Analysis of 599 sequenced 
prokaryotic genomes revealed that, based on 
the presence of the two Cys pairs, 202 species 
(or strains) possess APS reductase whereas 98 
contain PAPS reductase, the bifunctional APS/
PAPS reductase from B. subtillis, and possi-
bly other Firmicutes, being counted among the 
APRs. The few Archaea capable of assimilatory 
sulfate reduction contain an APR. On the other 
hand, fungi encode PAPS reductase exclusively. 
PAPS reductase is confined to only two bacte-
rial lineages: γ- proteobacteria and cyanobacteria, 
both lineages, however, also contain species with 
APR. Species of cyanobacteria, such as Syn-
echocystis and Synechococcus, have long been 
known to reduce PAPS, but certain species, e.g., 
Plectonema, are known to be APS reducing 
(Schmidt, 1977). Most of the sequenced cyano-
bacteria possess the PAPS reductase gene, how-
ever, our recent analysis of several cyanobacteria 
revealed that the reduction of APS is much more 
common in these species than would seem from 
the genomic sequences (Kopriva S, Wiedemann G, 
unpublished). This is very important when con-
sidering the origin of the APS reductase in the 
plastids of algae and plants.

The putative PAPS reductase from the moss 
P. patens, which also contains an APS reduct-
ase, is more similar to fungal and bacterial 
PAPS reductases than to plant APS reductases 
and does not possess the two Cys pairs. It also 
lacks the C-terminal thioredoxin-like domain. 
Surprisingly, a detailed biochemical analy-
sis revealed that although the enzyme reduces 
PAPS, it is far more active with APS. Since this 
protein does not bind an FeS cluster, it repre-
sents a novel form of APS reductase (Kopriva et 
al., 2007). This novel ‘APR-B’, although able 
to complement the loss of ‘normal’ APR in 
P. patens APR knock-outs (Koprivova et al., 2002), 
is substantially less catalytically efficient in vitro 
than the FeS cluster possessing APR. Orthologs of 
this novel APS reductase were found in a further 
lower plant lineage, in the spike-mosses Selag-
inella lepidophylla and S. moellendorffii, sug-
gesting that its presence in Physcomitrella is not 
a result of a recent horizontal gene transfer to that 
species specifically. In P. patens there is evidence 
of expression of both APR and APR-B, but in S. 
lepidophylla transcripts have only been found for 
APR-B. The genomic copy of APR in the related 

S. moellendorffii contains several base changes in 
the active site suggesting that the protein may be 
inactive (Kopriva S, unpublished). Other lower 
plants, such as Equisetum or ferns, possess an 
APS reductase (Kopriva S, unpublished) and all 
chlorophyte sequences to date support the pres-
ence of an APS reductase only.

The diatom T. pseudonana reduces APS at a 
very high rate, up to 100-fold higher than plants (Gao 
et al., 2000; Kopriva S, unpublished). Nevertheless, 
the only two genes homologous to APS reductase 
identified in the complete genome are more simi-
lar to PAPS reductase (or the novel APR-B from 
lower plants) and lack the FeS binding Cys pairs. 
However, like the APS reductase sequences of 
plants, they also contain C- terminal thioredoxin-
like domains (Kopriva S, unpublished). Similar 
genes were found in several other algae, the hap-
tophyte Emiliania huxlei, the chlorarachniophyte 
Bigelowiella natans, the diatom Fragilariopsis 
cylindrus, and the dinoflagellate Heterocapsa tri-
quetra. Although the enzymatic activity of these 
proteins has not yet been confirmed in vitro, like 
T. pseudonana, many of these species have been 
shown to reduce APS (Gao et al., 2000; Kopriva 
S, unpublished), and it seems that they also belong 
to the new class B of APS reductase. Without the 
two cysteine pairs an FeS cluster cannot be bound 
to these proteins and so this novel class of APR 
probably does not require the cofactor.

4. Phylogenetic Analysis

In Fig. 5 the combined APR and PAPR phylo-
genetic tree is presented without species names 
and only the major lineages are indicated to 
show the relationship and distribution of these 
isoforms. However, a greater number of char-
acters can be included with separate analyses 
of the two enzymes and so the two classes 
were also analyzed independently (Figs. 6 and 
7). Because the new APR-B enzyme found in 
some algae and lower plants is more related to 
the PAPR enzymes, these are included in the 
analysis of this enzyme. Although previous 
analyses resolved a split between APS and PAPS 
reductases (Kopriva et al., 2002; Kopriva and 
Koprivova, 2004), this is not the case in the 
maximum likelihood analysis. Both the com-
bined tree and the individual APR and PAPR 
trees are rooted with three Archaeal genes of 
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unconfirmed function that show weak similar-
ity to both APS reductase and also to the bacte-
rial CysD subunit of ATPS.

In the APR tree, all plants and algae with 
primary plastids are specifically related (Fig. 
6). Related to these is the APR found in the 

mitochondria of E. gracilis. It is possible that 
this species, which contains a secondary 
plastid of green algal origin, relocated the 
sulfate-reducing pathway, which it likely 
obtained from this endosymbiont, to the mito-
chondria.

Fig. 5. Protein maximum likelihood phylogeny for APS and PAPS reductases. The tree was inferred using PhyML with nine 
categories of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likeli-
hood, as determined by PhyML, and weighted neighbor joining. Analysis used 184 characters, the gamma-shaped parameter 
1.27 and proportion of invariable sites 0.014. Photosynthetic organisms are typed in bold. Light and dark shading marks APS 
and PAPS reductases, respectively.
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The sequence from the cyanobacteria Plec-
tonema, although related with strong support to 
plants and primary algae, does unambiguously 
fall at the base of the plastid clade and, though it 
is likely, cannot be confirmed as the source of the 
plastidial APR. The other lineages of bacteria form 
monophyletic clades, although these are, for the 
most part, unsupported. The position of the Archaea 
with APR, which is suggested to have arisen by 

lateral transfer, although being nested within the 
proteobacteria is unsupported and not related to 
any particular group. The origin of the enzyme in 
this lineage is also unresolved at present.

Within the PAPR tree the eukaryote sequences 
from fungi and algae with secondary plastids, as 
well as those from the mosses and spike mosses 
cluster together with the exception of a couple of 
divergent sequences from G. theta and T. pseudo-

Fig. 6. Protein maximum likelihood phylogeny for APS reductases. The tree was inferred using PhyML with nine categories 
of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likelihood, as 
determined by PhyML, and weighted neighbor joining. Analysis used 149 characters, the gamma-shaped parameter 1.159 and 
proportion of invariable sites 0.018. Photosynthetic organisms are typed in bold.
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nana (Fig. 7). The relationship with the fungi is 
not supported but the chromist and alveolate algae 
relationship is moderately supported. Within this 
larger ‘algal’ clade, the chromists are strongly 
related to the chlorarachniophyte B. natans, and 
also to the streptophyte isoforms. While B. natans is 
known to contain multiple enzymes more related 
to the red- than green-algal lineage (Archibald 
et al., 2003), this is extremely interesting. The 
possibility that the green lineage, after the diver-
gence of streptophytes, obtained an APR-B from 
a chromist alga cannot be excluded.

The cyanobacteria are related to the γ-proteo-
bacteria, to the exclusion of all eukaryotes and 
so the origin of the algal APR-B is not plastidial 
(unsurprising since primary plastids contain APR) 
and they are likely of host (eukaryotic) origin. 
It is evident however, that the new APS reduct-
ase isoform evolved from a PAPS reductase and 
changed the substrate specificity to APS while 
retaining the FeS independent reaction mecha-
nism. This seems to be the most efficient way of 

reducing activated sulfate, as the energy costs for 
building the cofactor are eliminated as well as 
the necessity of a second activation step by ATP, 
which is the price organisms possessing PAPS 
reductase pay for saving the cluster. It seems that 
during the evolution of plants, at least for some 
time, two genes were present but the APR-B was 
lost soon after branching of the lineage leading 
to spike-mosses. Since all chlorophyte sequences 
to date support the presence of an APS reductase 
only, it cannot be ruled out that the PAPS reduct-
ase, which gave rise to APR-B was introduced to 
the plant lineage by LGT before the divergence 
of bryophytes and then lost again after the diver-
gence of the lycopodiophytes.

E. Sulfite Reductase

1. Biochemical Properties

Sulfite reductase catalyzes the six electron reduc-
tion of sulfite to sulfide. The electron donor for 

Fig. 7. Protein maximum likelihood phylogeny for PAPS reductases. The tree was inferred using PhyML with nine categories 
of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likelihood, as 
determined by PhyML, and weighted neighbor joining. Analysis used 149 characters, the gamma-shaped parameter 1.559 and 
proportion of invariable sites 0.030. Photosynthetic organisms are typed in bold.
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the reduction is ferredoxin (Fd) in plants (EC 
1.8.7.1) or NADPH in bacteria (EC 1.8.1.2). 
Plant SiR contains one siroheme and one [4Fe–
4S] cluster per monomer as cofactors (Krueger 
and Siegel, 1982). The SiR protein structure and 
sequence is very similar to Fd-nitrite reductase, 
which catalyzes an equivalent step, a six electron 
reduction of nitrite to ammonia, in nitrate assimi-
lation. The similarity of the enzymes is corrobo-
rated by the fact that both enzymes can reduce 
sulfite and nitrite, albeit with different efficiency 
(Krueger and Siegel, 1982). Indeed, in Arabidop-
sis SiR contains 19% identical amino acids with 
nitrite reductase indicating that these genes may 
have the same evolutionary origin. SiR activ-
ity was localized exclusively to plastids both in 
photosynthetic and non-photosynthetic organs 
(Brunold and Suter, 1989). Interestingly, SiR is 
abundant in the nucleoids of pea chloroplasts and 
is able to compact chloroplast DNA (Sato et al., 
2001), which might represent a new function 
apart from sulfate assimilation.

2. Types of SiR in Different Organisms

The reaction mechanism of sulfite reduction 
requires siroheme, therefore this cofactor, as 
well as the iron sulfur cluster, are found in SiRs 
from all sources. The overall structure of the SiR 
enzyme, however, differs substantially in vari-
ous species. Plant SiR is a monomeric protein 
of 65 kDa containing no prosthetic groups other 
than the siroheme and FeS cluster (Nakayama et al., 
2000). SiR is encoded by a single copy gene in 
Arabidopsis, in contrast to other enzymes of the 
pathway (Bork et al., 1998). However, two or 
more SiR isoforms are present in other plant spe-
cies (Yonekura-Sakakibara et al., 1998). In con-
trast, the bacterial NADPH-SiR is an oligomer 
of eight 66 kDa flavoprotein subunits (CysJ) and 
four 64 kDa siroheme and [4Fe–4S] cluster bind-
ing hemoproteins (CysI) (Crane et al., 1995). SiR 
in yeasts and other fungi are again different, com-
posed from α and β subunit of 116 and 167 kDa 
respectively. Similar to bacterial SiR, the fun-
gal enzyme requires siroheme, FAD and FMN 
(Kobayashi and Yoshimoto, 1982).

In addition to the assimilatory sulfite reduct-
ase, a dissimilatory sulfite reductase (Dsr) (EC 
1.8.99.1) is present in organisms reducing sulfite 
to sulfide during anaerobic respiration, such as 
Desulfovibrio species and Archaeoglobus fulgidus 

(Dahl et al., 1993). Dsr is also present in the sul-
fur oxidizing bacteria Thiobacillus denitrificans 
and Allochromatium vinosum, where it catalyzes 
the reverse reaction, oxidation of sulfide to sulfite 
(Stahl et al., 2002). The enzyme is a tetramer of 
two α and two β subunits with a molecular mass 
between 40 and 45 kDa, again, containing a siro-
heme linked to a [4Fe–4S] cluster. Dsr from Des-
ulfovibrio and some other species contains a third 
polypeptide of ca. 12 kDa but its function is not 
known (Pierik et al., 1992). There is no sequence 
similarity between the Dsr subunits and any of 
the assimilatory SiR forms.

3. Phylogenetic Analysis

Since they all are readily alignable, we compared 
sulfite reductase from plants and algae together 
with the siroheme binding SiR subunits from 
bacteria and fungi with several nitrite reductase 
(NiR) sequences from different sources (Fig. 8). 
The analysis shows that the two enzymes (SiR 
and NiR) arose from an ancient gene-duplication 
in Eubacteria, before the primary endosymbiosis 
that gave rise to plastids. A relationship to cyano-
bacteria in both the SiR and NiR branches sup-
ports an endosymbiont origin for both SiR and 
NiR in all plastids; both primary and secondary, 
red and green. The non-photosynthetic strameno-
pile, Phytophthora, however, is more related to 
the fungi SiR and likely encodes a protein of host 
origin. Like the fungi Phytophthora possesses 
only homologues of SiR, NiR in this lineage 
being of an independent, unrelated origin. The 
SiR is closely related to proteobacteria but shows 
no supported relationship to α-proteobacteria and 
so a mitochondrial origin cannot be assumed. The 
photosynthetic bacteria encode a SiR protein that 
is only marginally related to other photosynthetic 
organisms and may represent an ancient form of 
assimilatory SiR.

F. Serine Acetyltransferase

1. Biochemical Properties

Serine acetyltransferase (SAT, EC 2.3.1.30) cata-
lyzes the acetylation of L-serine with acetyl-CoA 
to form O-acetylserine in the first step of L-cysteine 
synthesis. SAT forms a complex called cysteine 
synthase with the subsequent enzyme, OASTL, 
which is essential for its enzymatic activity 
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Fig. 8. Protein maximum likelihood phylogeny for sulfite and nitrite reductases. The tree was inferred using PhyML with nine 
categories of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likeli-
hood, as determined by PhyML, and weighted neighbor joining. Analysis used 379 characters, the gamma-shaped parameter 
1.58 and proportion of invariable sites 0.006. Photosynthetic organisms are typed in bold.
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(Kredich, 1996; Bogdanova and Hell, 1997; 
Droux et al., 1998). The complex, however, does 
not facilitate the reaction by substrate channeling, 
because the OASTL in complex is not functional 
and the synthesis of cysteine is accomplished by 
a free OASTL (Droux et al., 1998; Wirtz et al., 
2001). SAT is a hexamer of 29 kDa subunits. It 
is a member of the hexapeptide acyltransferase 
family of enzymes, folding in a characteristic 
left-handed parallel β-helix domain (Olsen et al., 
2004). SAT is an important regulatory step in 
sulfate assimilation as it undergoes a feedback 
regulation by cysteine. Its product, OAS, directly, 
or after spontaneous isomerization to N-acetylserine, 
is a potent transcriptional regulator of sulfate 
assimilation genes (Kredich, 1996; Leustek et al., 
2000). Since in plants cysteine synthesis takes 
place in all three compartments capable of pro-
tein synthesis isoforms of SAT and OASTL are 
found in the plastids, cytosol, and mitochondria. 
Consequently, SAT is encoded in multigene fami-
lies of 3–5 members (Kawashima et al., 2005).

However, not all organisms assimilating sulfate 
possess a functional SAT. The amino acid acceptor 
of sulfide in budding yeast is O- acetylhomoserine, 
which is synthesized by homoserine transacety-
lase (Met2; Born et al., 2000). Although catalyz-
ing a very similar reaction, there is no sequence 
similarity between Met2 and SAT. Surprisingly 
however, despite there being no SAT homologue 
encoded in the S. cerevisiae genome, SAT activity 
was clearly detected in vitro (Takagi et al., 2003). 
Since expression of E. coli SAT, but not OASTL, 
was capable of reverting cysteine auxotrophs it 
seems that the physiological role of this activity 
(if it is not an artifact) is other than in cysteine 
synthesis (Takagi et al., 2003). SAT is, however, 
found in Schizosaccharomyces pombe, which 
thus seems to possess both pathways of cysteine 
synthesis, and in the parasites Entamoeba histo-
lytica and E. dispar. The biochemical and molec-
ular properties of SAT and OASTL are described 
in detail in Chapter 4.

2. Phylogenetic Analysis

All plastid containing organisms are contained in 
a well-supported clade, distinct from the cyano-
bacteria (Fig. 9). SAT in these organisms can be 
confirmed to be of host, rather than cyanobacterial 
endosymbiont origin. This clade, however, also 

contains proteobacteria. The α-proteobacteria do 
not branch at the base of the eukaryotes, most of 
the internal branches of this clade are not well 
supported and the monophyly of  streptophytes is 
not recovered. A mitochondrial origin, and sub-
sequent re-targeting to plastids in lineages that 
obtained plastids, cannot be, therefore, ruled out 
for eukaryotes.

Outside of the main eukaryotic clade, the non-
photosynthetic protists Entamoeba and Trypanosoma 
show a specific relationship to δ-proteobacteria. 
Neither group is well sampled, however, and this 
relationship may not hold with more taxa.

G. O-Acetylserine (thiol)lyase

1. Biochemical Properties

O-acetylserine (thiol)lyase (EC 4.2.99.8) cata-
lyzes the formation of cysteine from OAS and 
sulfide. The enzyme belongs to the family of 
β-replacement enzymes utilizing pyridoxal-5′-
phosphate as cofactor. OASTL is a homodimer 
of 35 kDa subunits found inactive in the cysteine 
synthase complex modulating the activity of 
SAT or, in the active form, as a free enzyme 
(Droux et al., 1998; Wirtz et al., 2001). In bac-
teria, OASTL is encoded by two genes cysK and 
cysM. Whereas CysK is specific for O-acetylser-
ine and is predominantly expressed under aerobic 
growth, CysM has a broader substrate specificity 
comprising many different β-substituted amino 
acids (Maier, 2003) and is highly expressed at 
anaerobic conditions and in presence of thiosul-
fate (Kredich, 1996). In plants and algae isoforms 
of OASTL, similar to SAT, are localized in the 
cytosol, mitochondria, and plastids in all organs 
(see Chapter 4). Accordingly, at least three genes 
are present in genomes of higher plants (Jost et al., 
2000). Since sulfate assimilation is specific to 
plastids, the mitochondrial and cytosolic SAT 
and OASTL may have alternative functions. 
Indeed, the primary function for the mitochon-
drial OASTL was proposed to be detoxification 
of cyanide, acting as a β-cyanoalanine synthase 
(Hatzfeld et al., 2000b; Maruyama et al., 2000; 
Warrilow and Hawkesford, 2000).

In yeast, Metazoa, and protozoan parasites, 
cysteine is synthesized by transsulfuration from 
homocysteine in two steps catalyzed by cystathio-
nine β-synthase (CBS) and cystathionine γ-lyase 
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(Ono et al., 1999; Nozaki et al., 2005). Homo-
cysteine can be produced from methionine, but in 
yeast it is the primary product of sulfate assimi-
lation formed by O-acetylhomoserine thiollyase 
(OAHSTL; Ono et al., 1999). OAHSTL is very 
similar to OASTL and is also able to catalyze 
cysteine synthesis from OAS and sulfide. But 
since the SAT homologues in yeast are unable to 
synthesize OAS, the OAHSTL does not play any 
direct role in Cys synthesis (Takagi et al., 2003). 
CBS is therefore found in most eukaryotes, 
including all fungi, and all metazoa except nem-
atodes. It is however, lost in the Viridaeplantae 
lineage. Surprisingly, rather than CBS, OASTL 
were found in the nematodes Caenorhabditis ele-
gans and C. briggsae and also in Dictyostelium 
discoideum. No other genes of sulfate assimila-

tion are present in these genomes. On the other 
hand, genes encoding ATPS, SAT and OASTL 
were found in the parasite Entamoeba histolytica, 
which is not capable of sulfate assimilation since 
it is lacking the reducing enzymes (P)APR and 
SiR. Since it is impossible to distinguish between 
CBS and OASTL at the primary sequence level, 
both were included in the phylogenetic analysis. 
A more detailed description of cysteine synthesis 
and its regulation is given in Chapter 4.

2. Phylogenetic Analysis

OASTL proteins of Viridaeplantae and rhodo-
phytes are all related (Fig. 10). However they are 
part of a large and unsupported clade that also 
contains many prokaryotes. A cyanobacterial 

Fig. 9. Protein maximum likelihood phylogeny for serine acetyltransferases. The tree was inferred using PhyML with nine cat-
egories of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or left to right) maximum likelihood, 
as determined by PhyML, and weighted neighbor joining. Analysis used 157 characters, the gamma-shaped parameter 1.125 
and proportion of invariable sites 0.055. Photosynthetic organisms are typed in bold.
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Fig. 10. Protein maximum likelihood phylogeny for O-acetylserine (thiol)lyases and cystathionine β-synthases. The tree was 
inferred using PhyML with nine categories of rates. Numbers at nodes indicate bootstrap support over 60 from (top to bottom or 
left to right) maximum likelihood, as determined by PhyML, and weighted neighbor joining. Analysis used 359 characters, the 
gamma-shaped parameter 1.088 and proportion of invariable sites 0.006. Photosynthetic organisms are typed in bold.
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origin seems most likely since the bulk of non-
photosynthetic eukaryotes are in other, better 
supported, clades. Within this clade, quite sep-
arate to other Metazoa, are the OASTL homo-
logues encoded by nematodes. These are within 
the plastid-lineage and, although their position in 
unsupported, an LGT origin cannot be ruled out. 
The only other non-photosynthetic eukaryotes 
are Phytophtora, these proteins do not show any 
supported relationship to their photosynthetic 
stramenopile relatives and so the origin of this 
isoform is also unclear.

There is an entirely separate and highly sup-
ported clade consisting of both auto- and hetero-
trophic chromalveolates as well as the tiny green 
alga Ostreococcus and the chlorarchniophyte B. 
natans. There is no experimental information for 
any of these isoforms and so they may have a 
novel function. Interestingly two, entirely unre-
lated members of this clade, the tertiary plastid-
containing dinoflagellate K. micrum and also B. 
natans have a glutaredoxin moiety fused to the C 
terminus of the molecule.

The eukaryotic clade of CBS is well supported 
although its position within the tree is not, and so 
the root of the divergence cannot be known. It is 
however present in very basal eukaryotes such as 
the Lobosea and Mycetazoa.

The final well-supported clade consists prima-
rily of stramenopiles and fungi, but also α-pro-
teobacteria and a few cyanobacteria, the latter of 
which are quite separate from the larger cluster 
of their relatives. Again there is no specific rela-
tionship between the eukaryotes and the α-pro-
teobacteria but, given that there is some evidence 
that this isoform is mitochondrial in fungi, an 
endosymbiont origin remains a possibility.

IV. Protein Complexes and Fusions

Sulfate assimilation seems to be especially prone 
to tinkering with domain and protein fusions. Its 
central role in core metabolism across the king-
doms of life is also demonstrated by ability of 
structurally unrelated proteins to catalyze the same 
reaction, indicating parallel evolution in different 
lineages. This was clearly demonstrated during the 
discussion of individual sulfate assimilation pro-
teins (see section III.B–D). Altogether at least three 
unrelated proteins are capable of the adenylation of 

sulfate, three major APS/PAPS reducing enzymes 
exist, and five completely different enzymes reduce 
sulfite to sulfide. On top of this, many subtle vari-
ations in domain structure and fusions result in 
a great variety of sulfur assimilation genes and 
enzymes. The greatest part of this subtle varia-
tion was unraveled only very recently due to the 
progress in algal genomics. It was long known that 
ATPS is often fused with APS kinase, as in animal 
PAPS synthetase or in the rhizobial NodP/Q sys-
tem (see section III.B). The finding of ATPS fusion 
with inorganic pyrophosphatase in several algae is, 
however, a very interesting variation in attempt to 
increase efficiency of this enzyme. A very special 
case is the fusion between ATPS and APR in the 
dinoflagellate Heterocapsa triquetra. This protein 
likely catalyzes the reduction of sulfate to sulfite, 
since no other paralogues of ATPS or APR have 
been detected to date. This protein fusion supports 
the idea that in other organisms, such as plants, the 
sulfate assimilation enzymes form a multienzyme 
complex. Clearly, cysteine synthase is such a com-
plex (see Chapter 4), but it is possible that also 
ATPS, APR, and SiR form a complex, preferably 
associated with thylakoid membranes. Association 
of sulfate reducing enzymes, perhaps including also 
cysteine synthase, would increase the efficiency of 
the individual reactions by substrate channeling. 
This is particularly important for ATPS which is 
very inefficient in the forward reaction. In addition 
the channeling would prevent the escape of the 
toxic intermediates sulfite and/or sulfide as well 
as facilitating the transfer of reducing equivalents 
from photosynthesis. Indeed, immunogold locali-
zation of APR in several species of Flaveria plants 
showed a frequent association of the label with the 
thylakoids (Koprivova et al., 2001). On the other 
hand, by Western blot analysis APR was shown to 
be present in stroma fraction of pea chloroplasts 
(Prior et al., 1999). The sulfate assimilation metab-
olon, however, remains to be demonstrated.

The APR found in the green and red algae 
(except C. merolae) and plants is clearly a fusion 
between an APS/PAPS reductase and a thiore-
doxin. The APR from Euglena, which is oth-
erwise similar, and specifically related to the 
APR from chlorophytes, does not contain the 
thioredoxin extension. Although the sequence of 
the C-terminal domain is more related to thiore-
doxin, the domain clearly functions as a glutar-
edoxin which is compatible with GSH being the 
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most probable in vivo electron donor (Bick et al., 
1998; Kopriva and Koprivova, 2004). The fusion 
between ancestral APR and thioredoxin leading 
to the ‘plant-type’ APR thus brought the enzyme 
and its cofactor together on one polypeptide. The 
event most likely occurred before the divergence 
of red and green algae, with subsequent loss of 
the domain in the lineage leading to C. mero-
lae (although another Cyanidale, G. sulfuraria, 
retained the fusion), and independently after 
the secondary endosymbiosis event gave rise to 
Euglena. Another piece into the fusion mosaic is 
the novel form of OASTL from K. micrum and 
B. natans, which are fused at their C-terminus to 
glutaredoxin (Patron et al., 2006). Since cysteine 
synthesis does not require electron transport, 
the function of this fusion is unclear. It might be 
however be involved in redox regulation of the 
enzyme (Patron et al., 2006).

V. Conclusions

A. Origin of Plant Sulfate Assimilation

With a single exception in Euglena, sulfate assim-
ilation is localized in plastids. As with other plas-
tidic pathways, e.g., the Calvin cycle (Martin and 
Schnarrenberger, 1997), or heme biosynthesis 
(Obornik and Green, 2005), cyanobacterial origin 
of the genes involved can be anticipated. How-
ever, surprisingly, most of the genes of sulfate 
assimilation cannot be related to cyanobacteria. 
The only genes for which symbiotic origin can 
be proposed with confidence are sulfite reduct-
ase and OASTL. Serine acetyltransferase, on the 
other hand, seems to be derived from the host. 
For other genes the evolutionary history can-
not be reliably reconstructed. Great difficulty by 
interpretation of the data is caused by a frequent 
lack of monophyly of well defined taxa, e.g., 
cyanobacteria in ATPS and PAPS reductase trees. 
Plant APS reductase is most closely related to 
several γ-proteobacteria but also to a cyanobac-
terium Plectonema. Existence of two distinct iso-
forms of APR in several lower plants shows that 
at some point in their evolution plants possessed 
both genes, but it is not possible to assign one of 
them to the host and the other to symbionts with 
confidence. Interestingly, ATPS is probably the 
first plant gene identified which is more related to 

Metazoa than to Chlorophytes. The origin of plant 
sulfate assimilation thus probably will remain an 
unsolved question.

B. Sulfate Assimilation in Secondary/
Tertiary Symbionts

Inclusion of the secondary and tertiary symbionts 
in the analysis revealed a great number of unique 
genes and gene variants. Among them the fusions 
of APS kinase, ATPS, and PPase and of OASTL 
with glutaredoxin, as well as the new form of 
APS reductase are of great interest and potential 
use for improving sulfur use efficiency of crop 
plants. As expected, the algae possessed genes 
from different origins, reflecting their evolution-
ary history. Often both gene copies from the host 
and the symbionts are retained and possibly the 
encoded proteins are differentially localized. Our 
understanding of sulfate assimilation in these 
species, although improved by this phylogenetic 
analysis, still requires biochemical studies of the 
organisms and the respective enzymes.
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Summary

The sulfur amino acids cysteine and methionine function in many basic and essential processes of life. 
For cysteine this includes structural, catalytic, regulatory and metabolic functions. The special redox 
chemistry of sulfur and the thiol group in particular proved to be a versatile tool during evolution, not 
the least in electron transport processes in association with iron. Plants are primary producers and carry 
out assimilatory sulfate reduction to first synthesize cysteine that subsequently forms the backbone for 
methionine formation. This reaction sequence seems to be conserved in all phototrophic organisms. The 
position of cysteine biosynthesis between assimilation of inorganic sulfate and metabolization of organic 
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sulfide makes it a prime target for coordination of both complex processes. It is thus a mediator between 
supply and demand in sulfur metabolism of a cell.

Much attention has been paid to cysteine biosynthesis in plants, while less is known about the pathway 
in algae, cyanobacteria and purple bacteria. Recent evidence indicates that the two enzymes of cysteine 
synthesis, serine acetyltransferase and O-acetylserine-(thiol)-lyase are highly conserved between these 
groups and, at least in plants, form a reversible protein complex. This so-called cysteine synthase complex 
has been suggested to act as sensor for sulfide in cells and to be part of a regulatory loop that maintains 
cysteine homeostasis between sulfate reduction and cysteine consumption. Kinetic studies of the proper-
ties of the enzymes together with structural modelling of the proteins in the cysteine synthase complex as 
well studies using transgenic plants strongly support this unique regulatory system in plants.

The degradation of cysteine is still an under-investigated subject. Possible alternative routes of thiol 
transfer and sulfide release are compiled here and discussed with respect to their putative functions in 
S-transfer reactions, cysteine degradation, detoxification reactions and iron-sulfur cluster biosynthesis.

I. Introduction

Cysteine biosynthesis in phototrophic organisms 
represents the process of integration of reduced 
sulfur produced by assimilatory sulfate reduc-
tion into the organic form of an amino acid. In 
contrast, some organisms including mammals 
and some fungi, first assimilate reduced sulfur into 
methionine and then synthesize cysteine via trans-
sulfurylation (Hell, 1997; Wirtz and Droux, 2005; 
see chapter by Höfgen and Hesse, this book). 
Thus, primary producers in general first add 
reduced sulfur to activated serine, i.e. O-acetylser-
ine, as acceptor. In a second step sulfide replaces 
acetate and cysteine is released. From cysteine 
all downstream products including methionine, 
cofactors (coenzyme A, biotin, thiamine, lipoic 
acid), iron-sulfur clusters and many other com-
pounds are produced (Hell, 1997; Beinert, 2000). 
The importance of the fixation of reduced sulfur 
in phototrophic organisms is therefore compa-
rable to the assimilation of reduced nitrogen by 
the glutamine synthetase/glutamate-oxo-glutar-
ate-aminotransferase system. In plants, algae and 
most bacteria, as far as the latter have been inves-
tigated in this respect, the synthesis of cysteine 
occurs in a two-step reaction sequence catalyzed 
by two enzymes: Serine acetyltransferase (SAT; 
also termed serine transacetylase; EC 2.3.1.30) 
and O-acetylserine-(thiol)-lyase (OAS-TL; EC 
2.5.1.47; common synonyms are O-acetylserine 

sulfhydrylase and cysteine synthase). The bio-
chemical pathway of cysteine synthesis was first 
described in an enzymological sense by the land-
mark work of N. M. Kredich and coworkers using 
Salmonella typhimurium (Kredich and Tomkins, 
1966). They designated the SAT encoding gene 
as cysE and the OAS-TL encoding genes cysK 
and cysM and discovered the protein association 
between SAT and OAS-TL, the cysteine synthase 
complex (CSC; Kredich et al., 1969).

II. Cysteine Synthesis in Prokaryotes

Most prokaryotes use the two-step pathway 
encoded by cysE-like and cysK/M-like genes 
for cysteine biosynthesis according to genome 
databases, but exceptions exist, for instance in 
the genus Bacillus and probably also other Taxa. 
Even archaebacteria from habitats that are rich in 
reduced sulfur rely on these genes and have been 
shown to encode functional gene products similar 
to prokaryotes (Kitabatake et al., 2000).

A. The Enterobacteria Regulatory System

Cysteine synthesis is best investigated in S. typh-
imurium and E. coli with respect to structural 
components and regulation (Kredich, 1996) and 
forms the basis for investigation of the process 
in phototrophic organisms. Cysteine synthesis in 
enterobacteria is part of the cys-regulon that com-
prises structural genes for sulfate uptake, reduc-
tion and cysteine synthesis. Uptake of sulfate is 
mediated by a sulfate permease, which is also the 
case in cyanobacteria. It is a multisubunit ABC-
type transport system that differs structurally 

Abbreviations: CAS – β-cyanoalanine synthase; CDes – cysteine 
desulfhydrase; IC50 – 50% inhibition constant; NAS – N-
acetylserine, OAS – O-acetylserine; OAS-TL – O-acetylserine 
(thiol) lyase; PLP – pyridoxal 5¢-phosphate; SAT - serine acetyl-
transferase 
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completely from the sulfate/proton cotransporters 
found in plants (see chapter by Hawkesford in this 
book). Interestingly, sequence similarity suggests 
a relationship to the sulfate transport systems 
(SulP) in the chloroplast envelope of the green 
alga Chlamydomonas and the moss Marchantia 
(Chen et al., 2003; Melis and Chen, 2005). Such 
sequences are, however, missing in the genomes 
of vascular plants according to databases and seem 
to have been lost during evolution of higher pho-
toautotrophs. The assimilatory reduction pathway 
proceeds via 5′-adenosine-phosphosulfate (APS),
3′-phosphoadenosine-phosphosulfate (PAPS), sulfite 
and sulfide, most likely without any bound inter-
mediate despite the instability and potential tox-
icity of these intermediates. The biochemical 
functions and evolution of the central enzyme in 
this pathway, assimilatory (P)APS reductase are 
reviewed in this book (see chapter by Kopriva 
et al.). SAT activity requires acetyl-coenzyme A 
(acetyl-CoA) and serine to form O-acetylserine 
(OAS) as energetically activated form of serine. 
OAS-TL activity is typically encoded by two 
genes: cysK and cysM. The cysK gene product 
uses OAS and sulfide to form cysteine (type A 
OAS-TL), while the cysM product also accepts 
thiosulfate as substrate (type B OAS-TL). The 
reaction between O-acetylserine and thiosulfate 
produces S-sulfocysteine, which is converted into 
cysteine by a so far uncharacterized mechanism. 
It has been proposed that the cysM gene is only 
effectively operating under anaerobic growth 
conditions (Kredich, 1996).

Since enterobacteria are usually well supplied 
with reduced sulfur or even sulfur amino acids 
from their environment, it is just consequent that 
the sensing of free cysteine concentrations is at 
the center of the cys-regulon, taking care that 
the energy consuming uptake and reduction of 
inorganic sulfate is only activated in situations 
where the cellular demand for cysteine exceeds 
external availability. The regulation is based on 
cysE, the only gene with constitutive expression 
in the regulon. The encoded SAT protein has 
exclusively been found in association with OAS-
TL and is highly sensitive to feedback inhibition 
by cysteine (K

I
 = 1.1 µM; Kredich et al., 1969). 

Thus, in the presence of sufficient free cysteine 
in the cell SAT activity is shut down and hardly 
any OAS is produced. If cysteine or sulfide lev-
els drop SAT begins to form OAS, the substrate 

for OAS-TL. However, lack of sulfide results in 
accumulation and chemical disproportionation of 
OAS to N-acetylserine (NAS). NAS, in turn, is an 
activator for CysB, a transcriptional activator of 
promoters of the cys-regulon genes. Activation of 
sulfate uptake and reduction brings back sulfide 
into the cell that is consumed by OAS-TL to form 
cysteine. As soon as cysteine levels reach suffi-
cient concentrations, SAT is feedback inhibited 
and lack of OAS results in shut-down of the regulon. 
The cys-regulon represents a typical repressor/
operator mechanism of prokaryotic gene regu-
lation (reviewed by Kredich, 1996). It seems 
evident that phototrophic bacteria developed at 
least partly different regulatory mechanisms due 
to their lifestyle.

B. Phototrophic Bacteria

Cysteine synthesis in bacteria with oxygenic pho-
tosynthesis is much less investigated compared 
to enterobacteria. The cyanobacterium Synechoc-
occus sp. PCC 7942 (formerly Anacystis nidu-
lans) contains three genes involved in cysteine 
synthesis. Two are encoded on an endogenous 
plasmid and are transcriptionally regulated by 
sulfate availability. The gene srpG encodes a 
type A OAS-TL whereas srpH encodes SAT. 
Both genes show significant sequence homology 
to the corresponding E. coli genes and are able 
to functionally complement E. coli cysK cysM 
and cysE mutant strains that are auxotrophic for 
cysteine. DNA hybridization indicates a second 
copy of srpG in Synechococcus sp. PCC 7942, 
possibly encoding for a type B OAS-TL enzyme 
(Nicholson et al., 1995; Nicholson and Laudenbach, 
1995). Sulfate activation and reduction proceed by 
the same enzymes in cyanobacteria and entero-
bacteria (Niehaus et al., 1992). However, the only 
known regulatory protein in cyanobacterial sulfur 
metabolism, CysR, appears not be functionally 
equivalent to cysB in enterobacteria and thus its 
role in cysteine synthesis is much less defined. 
CysR expression itself is regulated by sulfur 
availability and the encoded protein is assumed 
to bind DNA due to a helix–loop–helix motif 
and similarity to other prokaryotic regulatory 
proteins. Inactivation of CysR results in loss of 
induction of numerous genes under sulfur limit-
ing conditions. This includes the sulfate permease 
system (see chapter by Hawkesford, this book), a 
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periplasmic protein of unknown function and the 
srpG and srpH genes. Since CysR is not required 
for growth when sulfate or thiosulfate are the only 
sulfur sources, it may be involved in regulating 
growth on other sulfur-containing compounds 
such thiocyanate (Laudenbach et al., 1991).

An important aspect of sulfur availability for 
microorganisms in general from a genetic as well 
as an ecological point of view is the reduction of 
growth yield under conditions of sulfur limitation. 
If methionine and cysteine could be replaced in 
the organism’s major proteins for sulfur-free 
amino acids, the saving in sulfur would poten-
tially increase nutrient use efficiency and compet-
itiveness. Sulfate permease, which is abundantly 
produced by sulfur-starved enterobacteria and 
cyanobacteria lacks Met and Cys residues. More-
over, the cyanobacterium Calothrix sp. PCC 
7601 harbours sulfur-depleted versions of the 
photosynthesis-related protein phycocyanin and 
its auxiliary polypeptides that are specifically 
expressed under conditions of sulfur limitation. 
The elevated synthesis of these proteins positively 
affects the sulfur budget of these cells (Mazel and 
Marliere, 1989).

III. Cysteine Synthesis in Plants 
and Algae

A. Subcellular Compartmentation 
and Functional Genomic Organisation

Similar to prokaryotes, the synthesis of cysteine 
in plants and algae can be divided into three steps: 
(1) assimilatory sulfate reduction to reduced 
sulfide, (2) provision of carbon and nitrogen con-
taining acceptor for sulfur, (3) fixation of reduced 
sulfur into the organic backbone to produce 
cysteine, the first stable form of bound reduced 
sulfur. In contrast to sulfide production and the 
synthesis of most amino acids in plants and algae, 
cysteine synthesis takes place not only in plastids 
but also in the cytosol and the mitochondria. Con-
sequently, small nuclear gene families encode 
SAT and OAS-TL proteins that are imported into 
these compartments (Fig. 1). Plants and at least 
green algae appear to be similarly organized in 
this respect. Euglena differs fundamentally in 
its subcellular organization with sulfate reduction 
being confined to mitochondria, while little is 

known about the locations of cysteine synthesis. 
Because Euglena is a taxonomically distant, 
facultative photosynthetic organism, the reader is 
conferred to specialized literature (Saidha et al., 
1988; Schiff et al., 1993).

The reasons for compartmentation of cysteine 
synthesis have been subject of speculation, but 
clear evidence as to its function is still missing. 
Lunn et al. (1990) suggested that endomembranes 
may be impermeable for cysteine transport, point-
ing out that each compartment with the capacity 
for protein biosynthesis would therefore require 
its own cysteine biosynthesis. While this hypoth-
esis is intriguing, it seems awkward to assume 
that all amino acid acids can be transported into 
and inside the cell by broad-spectrum amino acid 
transporters, but not cysteine. Specialized func-
tions in  sulfur metabolism, such as assimilation 
in plastids, regulation in the cytosol and degra-
dation in the mitochondria, have been suggested 
(Hell, 1997). However, mitochondria are the site 
of sulfur amino acid degradation in animals via 
sulfite oxidase, but this molybdoenzyme enzyme 
is located in the peroxisomes in plants (see chap-
ter by Hänsch and Mendel, this book). A different 
possibility is provided by the chemical properties 
of sulfide, the endproduct of assimilation. Sulfide 
always exists in equilibrium between HS− and 
H

2
S at around neutral pH values. H

2
S is believed 

to be membrane permeable and thus freely avail-
able to all compartments as substrate for OAS-
TL (Fig. 1). The volatility of H

2
S could require 

cysteine synthesis in the cytosol to capture this 
gas and avoid costly losses of reduced sulfur. In 
turn, mitochondria might need to be protected 
from H

2
S in order to avoid interference with the 

electron transport chain or even discharge of the 
proton gradient by the HS− equilibrium, similar 
to the toxicity of NH

3
/NH

4

+. On the other hand, 
it should not be overlooked that mitochondria as 
well as chloroplasts require substantial amounts 
of elemental S in iron-sulfur clusters of their 
electron transport chains. This partially reduced 
oxidation state of sulfur is believed to be derived 
from cysteine via carrier-mediated steps (see Pad-
mavathi et al., this book).

In contrast to such special functions the three 
subcellular locations could of course be the con-
sequence of sheer redundancy. However, the 
targeted overexpression of an enzymatically 
inactive SAT in the cytosol of tobacco cells 
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resulted in strong changes in cysteine and glu-
tathione  contents, suggesting an important and 
specific role of cysteine synthesis for each com-
partment (Wirtz and Hell, 2007). In addition, the 
nearly ubiquitous and constitutive expression of 
mRNAs encoding SAT and OAS-TL as revealed 
by Arabidopsis thaliana gene expression pro-
file databases (see https://www.genevestiga-
tor.ethz.ch/) supports a general requirement in 
all cell types under all conditions, rather than 
 redundancy.

Contradictory to these observations, the absence 
of functional OAS-TL activity has been reported 
for mitochondria of spinach (Spinacea oleracea 
L.). Warrilow and Hawkesford (2000) showed in 
enzymological experiments that OAS-TL activity 
from spinach mitochondria in fact is the result of 
a side activity of β-cyanoalanine synthase. This 
enzyme has been found in cytosolic and/or mito-
chondrial compartments in several plant species; 
it catalyzes a partial backward reaction of OAS-
TL (section V.E) and is, as OAS-TL, a structural 
member of the superfamily of β-substituting 
alanine synthases (bsas). Arabidopsis thaliana 
carries independent and true OAS-TL and β-
cyanoalanine synthase enzymes in its mitochon-
dria (Hatzfeld et al., 2000; Jost et al., 2000) and so 
far no other plant species has been reported with 
similar properties as spinach.  Further genome 

analyses will allow to fully  evaluate mitochon-
drial cysteine synthesis.

The role of the different compartments is further 
obscured by the relative distribution of enzymatic 
activities. These have been determined from cellu-
lar fractions for all three compartments of spinach 
and pea (Droux, 2003; Droux, 2004) and are com-
plemented by a number of localization studies on 
either SAT or OAS-TL with other species (Lunn et 
al., 1990; Rolland et al., 1992; Ruffet et al., 1995; 
Kuske et al., 1996). In general, it appears that 
about 45% of OAS-TL activity is associated with 
plastids, 45% with the cytosol, and the remainder 
with mitochondria. In contrast, 80% of total SAT 
activity is found in mitochondria, 10% in plastids 
and 10% in the cytosol (Fig. 1). Thus, measurable 
maximal activities of the two consecutive steps 
of cysteine synthesis differ substantially with 
respect to the three subcellular locations. Unless 
substrate availability or unknown factors strongly 
affect these activities, the exchange of OAS and 
probably also cysteine has to be assumed between 
cytosol and the organelles.

B. Gene Families and Features of Gene 
Products

The model plant Arabidopsis thaliana is by 
far the best investigated higher organism with 
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Fig. 1. Subcellular distribution of serine acetyltransferase and O-acetylserine(thiol)lyase activity in higher plants. The figure 
represents a schematic view on a higher plant cell. De novo cysteine synthesis takes place in the cytoplasm (white), the mito-
chondria (grey) and the plastids (dark grey). Important metabolites are depicted in the reaction pathways, reaction steps are 
shown as arrows. Enzymes are named above the reaction in bold and shadowed letters. In a subcellular compartment, the 
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standing the percentage of total activity is also indicated in the pie chart. The localisation of OAS-TL activity was revealed in 
spinach (Lunn et al., 1990) and confirmed in Datura innoxia (Kuske et al., 1996). Subcellular distribution of SAT was analysed 
in Pisum sativum (Ruffet et al., 1995). Transport of metabolites across membranes is indicated as dashed arrows.
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respect to cysteine synthesis (Hell et al., 2002). 
The Arabidopsis SAT gene family consists of five 
members which have been named with respect 
to their location at the chromosomes as AtSAT1 
(At1g55920, L34076), AtSAT2 (At2g17640, 
L78444,), AtSAT3 (At3g13110, U22964), 
AtSAT4 (At4g35640, AF331847) and AtSAT5 
(At5g56760, U30298). Other nomenclatures 
from various descriptions of cDNAs confuse this 
organization. A unified nomenclature termed 
Serat for serine acetyltransferase has been sug-
gested (Kawashima et al., 2005), but currently 
does not comprise all available sequences in 
the public databases. AtSAT2 and 4 were added 
very recently to the SAT gene family based 
upon their sequence homology and their avail-
ability to complement cysteine-auxotrophy of 
E. coli mutants lacking endogenous SAT activ-
ity (Kawashima et al., 2005). However, AtSAT2 
and 4 are much less expressed than AtSAT1, 3 
and 5 with respect to mRNA levels. K

M
 values of 

purified recombinant or native plant SATs range 
from 1 to 3 mM for serine and 0.01 to 0.3 mM for 
acetyl-CoA, corresponding to the assumed cel-
lular concentrations of these molecules (Ruffet 
et al., 1994; Noji et al., 1998; Wirtz et al., 2000; 
Wirtz et al., 2001). To a very limited extent, also 
propionyl-CoA, but not buthionyl-CoA, may be 
accepted as a substrate (R. Hell, unpublished). In 
contrast, the affinities of AtSAT2 and AtSAT4 are 
10 to 100-fold lower for both substrates. These 
properties cast some doubts on a significant con-
tribution of these isoforms to cysteine synthesis 
(Kawashima et al., 2005).

The localization of all Arabidopsis SAT iso-
forms has been verified using SAT-GFP-fusion 
proteins. AtSAT2, 4 and 5 are located in the 
cytosol and AtSAT1 and AtSAT3 are targeted 
to plastids and mitochondria (Sun et al., 2004; 
Kawashima et al., 2005). The localization of 
AtSAT1 appears not entirely clear due to a report 
with variable development-dependent plastid or 
cytosolic localization (Noji et al., 1998). It should 
be mentioned that AtSAT1 protein was found in 
association with the nucleus, in nuclear proteome 
analysis (Bae et al., 2003). However, SAT proteins 
are of low abundance, as shown by biochemical 
purification of SAT from spinach chloroplasts 
(Ruffet et al., 1994). Therefore, immuno-locali-
sation with isoform-specific antibodies might be 
required to confirm the localization of AtSATs.

Activities and isoforms of SATs have been 
described for subcellular compartments of plants 
of different taxonomy. This refers to a plastid 
SAT isoform from spinach (SAT56; (Noji et al., 
2001b) as well as cDNAs encoding cytosolic 
(SAT7) and organelle-localized (SAT1) SATs 
from tobacco (Wirtz and Hell, 2003a). In pea and 
in spinach, cytosolic, chloroplastic and mitochon-
drial SAT activities were characterized (Droux, 
2003; Droux, 2004).

With respect to algae, only a plastid-localized 
SAT and OAS-TL have been reported for 
Chlamydomonas reinhardtii. Both genes are 
strongly upregulated in response to sulfur defi-
ciency (Ravina et al., 2002). The availability of 
complete genome sequences of algae of distant 
taxonomic origin including C. reinhardtii (gree-
nalgae), Thalassiosira pseudonana (a diatom) 
Cyanidioschyzon merolae (unicellular red algae) 
will allow detailed comparisons of the evolution-
ary origin and compartmental organization of 
genes of cysteine synthesis. C. reinhardtii prob-
ably carries three SAT and four OAS-TL encod-
ing genes. The effect of upregulation depends 
on the presence of an active Sac1 gene (Ravina 
et al., 2002). The sac mutants of C. reinhardtii 
are described in detail in this book (see chapter 
Shibagaki and Grossman). Sac1 shows similarity 
to a Na+/SO

4

2− cotransporters and may function 
as a sulfate sensor. Many, but not all transcripts 
related to sulfur assimilation depend on Sac1 for 
their expression (Zhang et al., 2004).

OAS-TL proteins are, in contrast to SATs, more 
variable in their enzymatic functions. OAS-TL 
has a considerable variability for the nucleophilic 
reactant (section IV.B) and may be involved in 
the synthesis of secondary products in some 
plant species (Murakoshi et al., 1986; Warrilow 
and Hawkesford, 2000; Maier, 2003). OAS-TLs 
belong to the pyridoxal-phosphate-dependent 
superfamily of β-substituting alanine synthases 
(bsas). This family also includes β-cyanoalanine 
synthase (CAS), based on high amino acid 
homology. CAS is believed to function in the 
detoxification of cyanide using cysteine as sub-
strate and releasing β-cyano alanine and sulfide 
(section V.E). The OAS-TL gene family of Ara-
bidopsis consists of 9 genes that encode for 8 
functionally transcribed OAS-TL-like proteins 
(Jost et al., 2000). OAS-TL A (At4g14880), B 
(At2g43750) and C (At3g59760) are the most 
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expressed authentic OAS-TLs in this family and 
the proteins have been localized in the cytosol, the 
plastid and the mitochondria, respectively (Hell 
et al., 1994; Hesse and Hoefgen, 1998; Hesse et 
al., 1999; Wirtz et al., 2004). The combination of 
subcelluar localisation and biochemical studies 
of recombinant AtcysD1 (At3g04940), AtcysD2 
(At5g28020) suggest that these gene products 
are authentic OAS-TL isoenzymes of low abun-
dance and cytosolic localization. In contrast, 
AtcysC1 (At3g61440) is predicted to be local-
ized in mitochondria and to act as a CAS in vivo 
(Hatzfeld et al., 2000; Yamaguchi et al., 2000). 
The functions of the remaining OAS-TL like pro-
teins (At3g03630 and At5g28030) in plant sulfur 
metabolism are currently unknown.

With respect to function the careful, enzyo-
mological analysis of the three major expressed 
OAS-TLs in Arabidopsis revealed that their 
affinities for sulfide are much higher than previ-
ously described (Wirtz and Hell, 2003b; Wirtz et 
al., 2004). The K

M
 values range from 3 to 6 µM 

and correspond to the assumed sulfide levels in 
plant and form the basis for the observed rates 
of cysteine synthesis in planta (Schmidt and 
Jäger, 1992). The true enzyme substrate is likely 
to be HS−, which constitutes about 50% of total 
sulfide at pH around pH 7 (Wirtz et al., 2004). 
Although sulfide concentrations have apparently 
never been quantified exactly in plant tissues, 
they are generally believed to be in the low µM 
range (Hell et al., 2002). If this assumption holds 
true, sulfide availability would not limit rates of 
cysteine synthesis under sufficient sulfur supply. 
In contrast, the affinity of OAS-TL for the second 
substrate, OAS, was confirmed to be rather low. 
The K

M
 values for OAS are approximately 10 to 

100 times higher than the concentrations found 
in whole leaf extracts from Arabidopsis and 
Brassica oleracea (Kim et al., 1999; Awazuhara 
et al., 2000; Wirtz et al., 2004). This strongly sug-
gests that OAS rather than sulfide limits cysteine 
synthesis at sulfur sufficient conditions, which 
is an important feature of the cysteine synthase 
complex model of regulation (section VI.B).

Total extractable OAS-TL activities determined 
under substrate saturating conditions will hardly 
ever constitute a bottleneck for plant growth. 
However, in vivo, lowered availability of sub-
strate concentrations or increased demand may 
well result in a shortage of cysteine production. 

It was suggested that OAS-TL activity can indeed 
limit rates of cysteine in various stress situation, 
when high amounts of cysteine are required, e.g. 
for synthesis phytochelatins in the presence of 
cadmium (Barroso et al., 1999; Dominguez-Solis 
et al., 2001; Romero et al., 2001; Dominguez-Solis 
et al., 2004). Accordingly, OAS-TL overexpression 
in plastids and cytosol supports the resistance 
to cadmium and sulfur containing pollutants, 
which are believed to act toxic via sulfide release 
(Harada et al., 2001; Noji et al., 2001a).

C. Gene Expression

SAT isoforms in A. thaliana show a semi-consti-
tutive transcription pattern during development 
of the plant according to comprehensive micro-
array data (see https://www.genevestigator.ethz.
ch/ for public database). This is more or less con-
firmed by individual expression analyses from 
other plant species, although much less data are 
available (Saito et al., 1997; Urano et al., 2000). 
RNAs of cytosolic, mitochondrial and plastidial 
SAT isoforms have been detected in all analyzed 
tissues of A. thaliana, indicating that cysteine 
synthesis in all these compartments is required in 
all tissues during development of higher plants. 
This also applies to developing seeds, which are 
capable to assimilate sulfate provided by mater-
nal tissue into cysteine (Tabe and Droux, 2001; 
Tabe and Droux, 2002). While plastid AtSAT1 
has been described as the most prominently 
transcribed isoform in leaves (Kawashima et al., 
2005), this result is challenged by microarray 
and cell fractionation data. In Pisum sativum 
leaves, approximately 80% of total SAT activ-
ity was located in mitochondria and the residual 
SAT activity was distributed between cytosol 
and plastids (Ruffet et al., 1995). Species-spe-
cific differences in the localization of cysteine 
synthesis or the fact that the mRNA level of an 
expressed gene is not necessarily indicative for 
the amount of protein may be responsible for 
these discrepancies.

Transcriptional regulation in response to stress 
as indicated by mRNA contents of SAT isoforms 
in various species generally shows not more than 
threefold variation. Only the AtSAT4 gene is 
reported to be strongly up regulated during sul-
fur starvation and by treatment with cadmium in 
roots and leaves (Kawashima et al., 2005). Given 
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the uncertain enzymatic identity of the encoded 
gene product, it remains currently unclear whether 
AtSAT4 upregulation is related to cysteine defi-
ciency or is part of a more general response of the 
plant to cope with stress in general.

Genes encoding OAS-TL-like proteins appear 
to be more or less ubiquitously expressed in all 
plant cell types analyzed so far, with little varia-
tion in the content of RNA, protein and extractable 
enzyme activity in response to external factors 
(Brunold, 1990; Hell et al., 1994; Dominguez-
Solis et al., 2001). In fact, mRNA contents of 
an OAS-TL gene encoding OAS-TL A from 
Arabidopsis has been used as constitutive con-
trol in a gene expression study (Koprivova et al., 
2000). However, several experiments strongly 
suggest the OAS-TL A gene to respond specifi-
cally to cadmium or salt exposure with up to a 
sevenfold increase in mRNA level (Barroso et al., 
1999; Dominguez-Solis et al., 2001). Accord-
ingly, overexpression of the corresponding 
gene conferred enhanced cadmium tolerance 
(Dominguez-Solis et al., 2004). Remarkably, 
OAS-TL but also SAT gene expression is elevated 
in leaf trichomes of Arabidopsis and, accord-
ing to in situ hybridization data, responds to salt 
and cadmium treatments, presumably to support 
glutathione synthesis (Gutierrez-Alcala et al., 
2000; Howarth et al., 2003).

IV. Structure of Proteins of Cysteine 
Synthesis in Bacteria and Plants

In their groundbreaking and pioneering work 
Nicolas Kredich and coworkers revealed in 
the late 1960s the presence of the CSC in the 
pathogenic enterobacterium S. typhimurium. 
By using size-exclusion chromatography they 
determined a total molecular weight of 309 kDa 
for the hetero-oligomeric CSC, of 160 kDa for 
the SAT homomer and of 68 kDa for the OAS-
TL homomer (Becker et al., 1969; Kredich et 
al., 1969; Kredich and Becker, 1971). Although 
the CSC has been known for almost 40 years, 
the overall structure is still (2007) unresolved. 
Nonetheless, in the last decades progress has 
been made to understand the structure/func-
tion relationship inside the CSC by analysing 
separately the structure of the SAT and OAS-TL 
subunits by X-ray crystallography.

A. Serine Acetyltransferase

The first functional analysis of the SAT domain 
structure was performed using a eukaryotic 
SAT from the mitochondria of Arabidopsis. By 
using the yeast two hybrid system the N-termi-
nal α-helical domain of SAT was identified as the 
SAT–SAT interaction domain, while the C-ter-
minal domain was revealed to account for both, 
enzymatic activity and SAT-OAS-TL interac-
tion inside the complex (Bogdanova and Hell, 
1997). The idea of a bifunctional C-terminal SAT 
domain was further strengthened by the model-
ling of the C-terminus of plant SAT using bacte-
rial acyltransferase structures as templates. These 
posses an unusual left-handed parallel β-helix 
(Vuorio et al., 1991; Vaara, 1992). By computa-
tional modelling of the SAT C-terminus to these 
acyltransferases, the C-terminus of SAT could be 
split into two sections: a left-handed parallel β-
helix (LβH) domain, which carries the catalyti-
cally active site, and a C-terminal tail that could 
not be modelled due to low homology to the acyl-
transferases (Wirtz et al., 2001). Partial deletion 
of the C-terminal tail of prokaryotic SAT results 
in loss of interaction with OAS-TL, as shown by 
co-purification experiments using SAT and OAS-
TL of E. coli (Mino et al., 1999; Mino et al., 
2000b). In addition, several amino acids of the 
C-terminal tail of plant and bacterial SAT seem 
to be involved in the feedback inhibition of SAT 
by cysteine the end product of the pathway (Noji 
et al., 1998; Inoue et al., 1999; Wirtz and Hell, 
2001). Although most features of the C-terminal 
tail of prokaryotic and eukaryotic SAT seems to 
be identical, the last C-terminal amino acids are 
more divergent in prokaryotic and eukaryotic 
SATs than the LβH structure (Fig. 2). The latter 
contains an imperfect tandem repeat of a hexa-
peptide sequence described as [LIV]-[GAED]-
X2-[STAV]-X, which is responsible for the 
β-helical folding (Vaara, 1992). All analysed pro-
teins containing this motive, including SAT, are 
placed into the superfamily of acyltransferases, 
whose members are known to act in vivo as trim-
ers (Raetz and Roderick, 1995; Beaman et al., 
1997). Thus; it was not surprising that bacterial 
SAT was revealed to be a dimer of trimer in its 
native uncomplexed form (Fig. 2A, Hindson et al., 
2000). In 2004, the three-dimensional structure of 
SAT homomer from the prokaryotes E. coli (Pye 
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et al., 2004) and Hamophilus influenzea (Gorman 
and Shapiro, 2004) were resolved, whereby the 
predicted overall structural features of SAT could 
be unequivocally confirmed (Fig. 2B).

Consistently, in E. coli and H. influenzae, 
whose SATs share 71% identity at the amino 
acid sequence level, three SAT monomers form 
a trimer. The three clefts between the three subu-
nits form a catalytic center (Fig. 2C), which sug-
gests that active site residues from two subunits 
may contribute to form one joint catalytic center 
(Pye et al., 2004), see below. Two SAT trim-
ers are arranged in the quaternary structure of a 
dimer (dimer of trimers) so that the dimer inter-
face is constituted by parts of the N-terminal α-
helices of all subunits. The α-helical domain of 

each subunit is formed by residues 1–140 in the 
E. coli SAT protein and comprises eight α-heli-
ces. Helix α1 and α2 as well as α3 and α4 run in 
an anti-parallel fashion and are connected by 2 β-
turns; the residual α-helices are meandering with 
different angles. The repetition of helices α2–α4 
by the molecular threefold axis forms a surface 
that interacts loosely with the cognate structure 
in the opposing trimer and thereby stabilizes the 
dimerization of trimers (Olsen et al., 2004). All 
of the residues involved in dimerization are found 
within a N-terminal extension of approximately 
80 amino acids that is found only in a subset of 
SATs (13% of all SAT like proteins). This indi-
cates that SATs fall into two subgroups: Group 
A, whose members posses the extension and 

Fig. 2. Three-dimensional structures of prokaryotic SAT and OAS-TL. The figure depicts the overall homomeric quaternary 
structure of SAT (A) and OAS-TL (D). In both cases the monomers are shown in different colours in order to illustrate the steri-
cal position of the monomers. Each SAT monomer (B) consists of an α-helical domain (green), a β-sheet domain (golden) that 
included a random coil loop (red) and the C-terminal tail (dark blue), which is responsible for CSC formation. Please note that 
the last 11 amino acid residues of the C-terminal tail are missing in the structural presentation, since they were not solved by 
X-ray crystallography. (C) Top view on an SAT trimer, where α-helical domains are deleted for better overview. The active site 
of SAT lies in between the β-sheet domain of two monomers, thus a SAT ‘dimer of trimers’ (A) contains six independent active 
sites. The most important residues for binding of substrates and the enzymatic activity are named and shown in sticks. Each 
OAS-TL monomer (E) of the native OAS-TL dimer (B) contains one PLP (red) that is bound via an internal Schiff base by Lys41. 
The asparagine loop, which is important for substrate binding and induction of the global conformational change of OAS-TL 
during catalysis is shown in dark blue. The green colour indicates the β8a–β9a loop that seems to be important for interaction 
with SAT. Both structural elements are in close proximity to the active site of OAS-TL (F). Important residues for binding of 
substrates and the enzymatic activity are highlighted in F. The software UCSF Chimera V1.2422 (University of California, San 
Francisco) was used to visualize SAT (pdb: 1T3d) and OAS-TL (pdb: 1OAS) (See Color Plates).
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form hexameric SAT, and group B, whose mem-
bers lacks the extension and are likely to have a 
trimeric quaternary structure (Gorman and Sha-
piro, 2004). A proof for this hypothesis has not 
been provided.

Residues 141–262 of the E. coli SAT form the 
β-helical domain, which is a typical LβH com-
prising fourteen β-strands forming five coils of 
the helix. Apart form the final C-terminal tail, 
there is only one break from the β-helix; this is a 
loop from residue Gly184 to His193 that has a ran-
dom coil topology. The His193 of this loop, with 
His158 and three aspartic acid residues (Asp92, 
Asp143 and Asp157), forms the core of the catalyti-
cally active site (Fig. 2C). While Asp92 and Asp157 
stabilize the positive charge of the amino group of 
the substrate serine, the imidazole ring of His158 is 
supposed to form a classical ‘catalytic triad’ with 
the oxygen of the γ-hydroxyl group of serine and 
the Asp143 of the adjacent SAT subunit. Thus, six 
independent active sites exist in the hexameric 
SAT homomer (Olsen et al., 2004). In the ‘cata-
lytic triad’, His158 acts as a base to activate the 
hydroxyl group of serine for a nucleophilic attack 
on the carbonyl carbon of the acetyl group of 
acetyl-CoA. This attack would result in an oxy-
anion tetrahedral intermediate, whose negative 

charge would be stabilized by the imidazole of 
His193. The collapse of the oxyanion tetrahedral 
intermediate would result in the formation of the 
reaction products: OAS and CoA, whereby the 
same general base residue (His158) acts a general 
acid and donates a proton of the sulfur atom of 
CoA. This mechanism would be in good agree-
ment with reaction mechanisms of other acyl-
transferase, which belongs to the LβH subfamily 
of acyltransferases (Johnson et al., 2005). Elab-
orate solvent deuterium kinetic isotope effects 
measurements indicated that the rate limiting 
step of this reaction is the nucleophilic attack 
of the serine hydroxyl group on the thioester 
of acetyl-CoA (Johnson et al., 2004). Based on 
initial velocity studies and on the analysis of H. 
influenzae SAT structure in the presence of CoA 
(1SST) and cysteine, the kinetic mechanisms of 
SAT is supposed to be sequential equilibrium 
ordered (Fig. 3A), which would be in agreement 
with the kinetic mechanism revealed for all other 
LβH acyltransferases (Sugantino and Roderick, 
2002; Hindson and Shaw, 2003; Johnson et al., 
2004). The outcome of previous initial velocity 
studies using the S. typhimurium SAT suggested 
the occurrence of a bi bi ping pong – instead of a 
sequential – kinetic mechanism (Leu and Cook, 
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Fig. 3. Kinetics mechanism of serine acetyltransferase and O-acetylserine(thiol)lyase. The kinetic mechanisms for SAT (A) and 
OAS-TL (B) are sequential ordered and bi bi ping pong, respectively. (A) Acetyl-CoA (A

S
) binds to SAT (E

S
) before serine (B

S
) 

is recruited. Afterwards the catalytic triad is formed, allowing a nucleophilic attack of serine on acetyl-CoA (E
S
AB). The col-

lapse of the oxyanion tetrahedral intermediate (E
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PQ) results in the formation of the reaction products: OAS (P

S
) and 

CoA (Q
S
). (B) In the first-half reaction OAS-TL binds OAS (A
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tion of OAS-TL. The second substrate sulfide (B
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) attacks in a nucleophilic manner on the α-aminoacrylate intermediate and 

the final product cysteine (Q
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) is released (second-half reaction).



Chapter 4 Cysteine Synthesis 69

1994). While almost all results of Leu and Cook 
(1994) could be confirmed, only the burst kinetic 
experiment, which gives rise to the hypothesis of 
a ping pong mechanism for SAT, was not repro-
ducible (Johnson et al., 2004).

The sequential kinetic reaction mechanism of 
SAT is also consistent with the inhibition mecha-
nism by cysteine (section VI.A), which affects 
not only one but both substrates. SAT of E. coli 
(1T3D) and H. influenzae (1SSQ) were crystal-
lized in the presence of cysteine. In both crys-
tals the cysteine was found in the binding pocket 
of serine, providing an elegant explanation for 
the competitive inhibition of cysteine for serine 
(Olsen et al., 2004; Pye et al., 2004). That the 
cysteine and the serine binding pockets overlap is 
also supported by kinetic and microcalorimetric 
data obtained using serine analogous (Hindson 
and Shaw, 2003). These results confirm that the 
cysteine feedback inhibitor binds to the active site 
of SAT. Beside the direct competition with ser-
ine, cysteine also reduced the affinity of SAT for 
acetyl-CoA, after binding to the enzyme (Kredich 
and Tomkins, 1966; Leu and Cook, 1994; John-
son et al., 2004). The molecular basis for the 
reduction of acetyl-CoA affinity is a displace-
ment of the C-terminal tail of SAT in the presence 
of cysteine. Parts of the C-terminal tail compete 
with the pantentheinyl arm of acetyl-CoA for 
binding to the extended LbH loop in the cysteine 
bound SAT crystals. In the absence of cysteine, 
acetyl-CoA is able to displace the C-terminal tail 
in order to enter the binding pocket, while the 
C-terminal tail closed the acetyl-CoA binding 
site more efficiently when cysteine is bound to 
SAT (Olsen et al., 2004). The importance of the 
C-terminal tail for inhibition of SAT activity by 
cysteine was also confirmed by mutational analy-
sis of bacterial and plant SATs C-terminal tails 
(Denk and Böck, 1987; Nakamori et al., 1998; 
Inoue et al., 1999; Takagi et al., 1999; Wirtz and 
Hell, 2003a). These results indicate that specific 
features of SAT domains have the same function 
in prokaryotic and eukaryotic SAT. Although no 
eukaryotic SAT has been crystallized up to now, 
computational modelling of eukaryotic SAT to 
bacterial SAT suggest that the overall structure of 
pro- and eukaryotic SATs are identical (Wirtz and 
Hell, 2006). The basis for this homology model-
ling is the high sequence identity between the two 
types of SAT, which is in the order of 34–44%.

B. O-acetylserine(thiol)lyase

The structures of OAS-TL from the prokaryo-
tes H. influenzae and S. typhimurium have been 
determined with and without its substrates (Bur-
khard et al., 1998; Burkhard et al., 1999). The 
structure of the first plant OAS-TL was recently 
solved, demonstrating a high degree of conserva-
tion between plant and enterobacterial OAS-TL 
at the structural level (Bonner et al., 2005). The 
structure resolved from the plant OAS-TL crystal 
overall confirms the model of OAS-TL, which 
was derived from homology modelling of plant to 
bacterial OAS-TL. The sequence identity between 
the pro- and eukaryotic OAS-TL proteins is in the 
same range as for the respective SAT proteins. 
Taken together these results indicate that the 
same homology model approach is also suitable 
for plant SAT (Wirtz and Hell, 2006).

OAS-TL from plants and bacteria form stable 
homodimers with a molecular weight of 68 to 
75 kDa according to their amino acid sequences. 
Crystallization of OAS-TL from bacteria revealed 
that the dimers interact only at the dimer inter-
face and are oriented in such a way that the two 
active sites are facing each other (Fig. 2D). Each 
OAS-TL subunit carries a tightly bound pyri-
doxal 5′-phosphate (PLP) at the catalytic center. 
All active site residues are contributed from one 
subunit (Rabeh and Cook, 2004). The active site 
with the PLP is located within a cleft deep in the 
center of each monomer that is flanked by N- and 
C-terminal domains (Fig. 2E). This conformation 
may hamper the standard approach of expression 
of recombinant proteins with N- or C-terminal 
tags, resulting in less active or kinetically altered 
enzymes.

Lys41 of bacterial OAS-TL is responsible for 
the linkage to the PLP, whose presence is a prereq-
uisite for an enzymatically active enzyme (Bur-
khard et al., 1999). Asn71, which is located on the 
so-called asparagine loop, and Gln142 bind OAS 
and the resulting intermediates along the reaction 
pathway. Functional analysis of the plant OAS-
TL reveals Thr74 and Ser75 as important active site 
residues (Fig. 2F). Most likely both residues are 
involved in stabilizing the transition state of the 
second-half reaction (see below). The stabilisa-
tion of the transition state has direct impact on the 
affinity for the second substrate, sulfide (Bonner 
et al., 2005). The conservation of the active site 
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residues strongly supports the idea of the same 
kinetic mechanism for OAS-TLs from prokaryo-
tes and eukaryotes.

OAS-TL is one of the most extensively studied 
enzymes with respect to the reaction mechanism 
and the kinetic behaviour. The type of reaction 
kinetic of the enzyme is bi bi ping pong (Cook 
and Wedding, 1976; Tai et al., 1993): In this type 
of kinetic, after binding of the first substrate, 
OAS, the first product, acetate, is released, before 
the second substrate, sulfide, interacts with the 
reaction intermediate to give the second product, 
cysteine (Fig. 3B). Mechanistically, the overall 
β-substitution of the acetate group of OAS by 
sulfide can be subdivided into an elimination and 
an addition reaction, which represent the first-
half and the second-half of the reaction, respec-
tively. In short, the first-half reaction includes 
the binding of OAS and the formation of an 
α-aminoacrylate intermediate, whereby acetate 
is released. The second-half reaction is initiated 
by the attack of sulfide, in the form of HS−, to 
the Cβ of α-aminoacrylate intermediate to give 
a cysteine external Schiff base. Then transimina-
tion results in the release of cysteine (Tai et al., 
1995; Rabeh and Cook, 2004; Wirtz et al., 2004). 
The reaction is accompanied by a large confor-
mational change of the protein after the binding 
of OAS. The binding of OAS in the active site 
induced a local rearrangement of the asparagine 
loop (Fig. 2E, F) that shifted the enzyme from 
the so called ‘open’ to the ‘closed’ conformation. 
Formation of the ‘closed’ conformation results 
in expel of bulk solvent from the reaction room 
and the closure of the active site, which is neces-
sary for the second-half of the reaction, since the 
α-aminoacrylate is highly reactive (Burkhard et 
al., 1999). Although the sequence identity of the 
asparagine loop from prokaryotes and eukaryo-
tes is very high, the triggering function of the 
asparagine loop for the overall conformational 
change is doubted in plant OAS-TLs (Bonner et 
al., 2005). The methods used for identification 
of chemical mechanisms and different confor-
mational changes of OAS-TL during catalysis 
included fluorescence (Benci et al., 1997, 1999), 
phosphorescence (Strambini et al., 1996), and UV 
visible spectroscopy (Schnackerz et al., 1995) in com-
bination with mutageneic (Rege et al., 1996; Tai 
et al., 1998) and crystallographic approaches (Bur-
khard et al., 1998; Burkhard et al., 1999). Most 

of this tremendously intensive study is comprehen-
sively summarized by Rabeh and Cook (2004). 
In agreement with the high K

M
 of OAS-TL for 

OAS, the first-half reaction is limiting the overall 
β-substitution reaction (Woehl et al., 1996), while 
the second-half of reaction is irreversible (Tai et 
al., 1995). This biochemical phenotype of OAS-
TL is important for cysteine regulation in higher 
plants. In fact cysteine synthesis must be limited 
by OAS production for proper regulation of the 
sulfur assimilation pathway by CSC formation 
(section VI.C, D) and the transcriptional control 
of OAS regulated genes. While OAS production 
by SAT activity is inhibited by cysteine, OAS-TL 
seems not to be regulated at all. However, sulfide 
is a competitive substrate inhibitor of bacterial 
OAS-TL, with a K

I
 of 50 µM (Cook and Wed-

ding, 1976; Tai et al., 1993). The identification 
of an allosteric anion-binding site at the dimer 
interface, which can be occupied by sulfide, led 
to the hypothesis of an allosterically regulated 
OAS-TL, due to catabolism of cysteine in bacte-
ria (Burkhard et al., 2000).

C. Cysteine Synthase Complex

The 3D-structure of the CSC is not known. Crys-
tallography of free and complex associated plant 
SAT was attempted but not successful, due to 
instability of plant SAT protein (personal com-
munication J. Jez Danforth Center, St. Louis). 
Moreover, no precise analytical data are availa-
ble for the molecular weight of both bacterial and 
plant CSC. The stoichiometry of SAT and OAS-
TL subunits in the complex can thus be hypoth-
esized on a theoretical ground. The only estimate 
of the size of the complex arises from size exclu-
sion chromatography, which revealed a molecu-
lar weight of 300 kDa for CSCs from native 
protein extracts of spinach and tobacco (Droux et 
al., 1992; Wirtz and Hell, 2007). The size of the 
bacterial CSC is in the same range (Kredich et 
al., 1969), indicating an overall similar structure 
in prokaryotes and eukaryotes. The uncomplexed 
bacterial SAT is known to be a ‘dimer of trimers’, 
while OAS-TL from plants and bacteria form 
dimeric homomers (see above). On the basis of 
this knowledge, one hexameric SAT homomer 
(Fig. 2A) is supposed to form the core of the 
CSC, which is the completed by the recruitment of 
two OAS-TL dimers (Fig. 2D). As a consequence, 
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SAT and OAS-TL subunits would exist in a 6: 4 
(1.5: 1) stoichiometric ratio in the CSC. Fluores-
cence titration assays of CSC yielded an experi-
mentally determined ratio of 1.43: 1 for SAT and 
OAS-TL, essentially supporting the theoretical 
stoichiometry (Campanini et al., 2005).

One interaction site of SAT with OAS-TL 
inside the complex is the C-terminal tail of SAT 
(Fig. 2B). This is proven by partial deletion of this 
tail in bacterial SATs, which resulted in the loss 
of SAT ability to interact with OAS-TL (Mino et 
al., 1999; Mino et al., 2000b). Co-crystallization 
of OAS-TL from H. influenzae and A. thaliana 
with the last 10 amino acid residues of the SAT 
C-terminal tail demonstrated that the binding site 
of this decapeptide is located at the active site of 
OAS-TL, where also OAS binds (Huang et al., 
2005; Francois et al., 2006). The key active site 
residues Thr74, Ser75 and Gln147 lock the decapep-
tide in the binding site via hydrogen bonds (num-
bering of residues according to AtOAS-TL A, 
section IV.B), which explains how complex for-
mation downregulates OAS-TL activity (Fran-
cois et al., 2006). OAS would compete with the 
SAT C-terminal tail for binding at the catalytic 
center of OAS-TL. Assuming this as the only 
OAS binding site in the complex, such a com-
petition provides also a mechanistic basis for the 
dissociation of the CSC by OAS. Kinetic charac-
terization of the association of bacterial OAS-TL 
with the C-terminal tail of SAT showed that the 
binding affinity of this decapeptide was 250-fold 
lower than full-length SAT (Mino et al., 2000b). 
However, the largest part, and thus other poten-
tial interaction sites, of SAT were missing in this 
experiment. Although the C-terminal decapep-
tide of H. influenzea and S. typhimurium are 
highly divergent, the affinity for the C-terminal 
decapeptide of H. influenzea and S. typhimurium 
(K

D
 ~ 0.6 to 1 µM) were in the same range for 

OAS-TL of H. influenzae, which indicates a gen-
eral binding mechanism in the γ-proteobacteria 
(Campanini et al., 2005). In contrast, the plant 
C-terminal decapeptide appeared to have high 
affinity for OAS-TL (K

D
 = 5–100 nM) (Kumaran 

and Jez, 2007), which is even more affine than 
reported for the full-length SAT from Arabidop-
sis cytosol and mitochondria. The K

D
 of both pro-

teins for OAS-TL were independently determined 
by initial velocity and surface plasmon resonance 
studies and are in the range of 25 to 40 nM (Droux 

et al., 1998; Berkowitz et al., 2002). The differ-
ent structural composition of pro- and eukaryotic 
decapeptides may be one reason for the variabil-
ity in their affinity for their respective interaction 
partner. The only conserved residue in plant and 
bacterial SAT decapeptides is the very final Ile 
residue, which, at least in plants, is responsible 
for the molecular recognition of the decapeptide 
by OAS-TL (Francois et al., 2006).

The lower affinity of the bacterial decapeptide 
for OAS-TL compared to the full-length SAT raises 
the question of whether additional sites for inter-
action or recognition exist in SAT and OAS-TL. 
Initial protein–protein interaction analyses using 
OAS-TL mutants that were genetically modified 
in the highly conserved β8A-β9A surface loop 
(Fig. 2E) point towards an involvement of this 
loop in CSC formation (Bonner et al., 2005). The 
corresponding interaction site of the SAT protein 
has not been located; its identification would allow 
a more detailed analysis of the assembly of SAT 
and OAS-TL subunits inside the CSC.

The association of the SAT C-terminus with the 
catalytic site of OAS-TL would place the OAS-
TL dimers at the distal ends of the SAT ‘dimer 
of trimers’. If symmetry applies here, we may 
speculate that one of the three SAT C-termini of a 
trimer interacts with the active site of one subunit 
of an OAS-TL dimer. In principle, also two C-ter-
minal tails could bind into the two active sites of 
the OAS-TL homodimer. Both, plant and bacte-
rial C-terminal decapeptides bind to the OAS-TL 
dimer in a 2: 1 ratio. Nonetheless, one could not 
conclude from this experiment that two C-terminal 
tails of SAT bind one OAS-TL dimer, due to pos-
sible steric interferences of C-terminal tails in the 
SAT homohexamer. However, addition of a molar 
excess of the decapeptide to the CSC results in no 
detectable binding of the decapeptide, indicating 
that no active site of complex bound OAS-TL is 
available (Campanini et al., 2005). The latter fact 
could be the reason for the strong inactivation of 
OAS-TL inside the complex, which results in a 
more than 10-fold decrease of OAS-TL activity 
in bacterial and plant CSC (Kredich et al., 1969; 
Droux et al., 1998; Wirtz et al., 2001; Wirtz and 
Hell, 2006). The effective inactivation of OAS-
TL demonstrates the inability of the CSC to chan-
nel substrates and is the basis for the regulatory 
function of the complex in vivo (Hell and 
Hillebrand, 2001).
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Beside the effector driven dissociation of the 
CSC by OAS both plant and bacterial CSC are 
stabilized by sulfide (Kredich et al., 1969; Wirtz 
and Hell, 2006). The function of this stabilization 
in vivo could be the increase of OAS levels for 
enhanced cysteine and glutathione production. 
Enhanced glutathione production is needed dur-
ing certain stress conditions like pathogen attack 
or heavy metal stress, when enough sulfide is 
present. Without the stabilizing effect of sulfide, 
OAS would dissociate the CSC, thereby down-
regulating its own synthesis. A possible target for 
sulfide stabilization would be the active site of 
OAS-TL, where OAS and C-terminal tail of SAT 
bind. But no stable sulfide binding pocket was 
found in the active site of OAS-TL, which is con-
sistent with the irreversibility of the second-half 
reaction (Tai et al., 1995). The identification of 
an allosteric anion-binding site at the dimer inter-
face of bacterial OAS-TL provides an alternative 
target site for sulfide (Burkhard et al., 2000). The 
binding of sulfide to this site causes a conforma-
tional shift in the asparagine loop to a new ‘inhib-
ited’ state of OAS-TL that differs from the ‘open’ 
or ‘closed’ conformation of the enzyme (section 
IV.B). It is conceivable that the ‘inhibited’ con-
formation of OAS-TL stabilizes the C-terminal 
tail of SAT in the active site of OAS-TL and pro-
motes complex stability.

Due to the inactivity of OAS-TL inside the 
complex, the complex associated OAS-TL is 
believed to act as a regulatory subunit of SAT. In 
theory, association of SAT and OAS-TL activates 
SAT in order to produce OAS for cysteine syn-
thesis (section VI.E). A trimeric SAT homomer 
contains three independent active sites, which 
can all be used to synthesize cysteine. Most 
likely all active sites can act separately, since in 
the form III crystal of H. influenzae SAT (pbf 
file: 1SST) all possible binding sites for acetyl-
CoA are loaded with CoA in the presence of ser-
ine (Olsen et al., 2004). It is difficult to conceive 
how the binding of one OAS-TL dimer to one or 
two C-terminal tails at the distal end of a SAT 
trimer can result in an effective up-regulation of 
all active sites in the trimer. In agreement with 
this consideration, neither the affinity for acetyl-
CoA and serine nor the maximal activity (V

max
) of 

the bacterial SAT is altered by complex formation 
(Kredich et al., 1969; Cook and Wedding, 1978; 
Mino et al., 2000a). However, formation of CSC 

protects SAT from proteolysis and inactivation 
by low temperature in in vitro experiments (Mino 
et al., 2000a). Under in vivo conditions, both 
would result in higher SAT activity by CSC 
formation. Cytosolic SAT of A. thaliana was 
shown to be strongly upregulated by complex 
formation due to increase of maximal velocity 
(Bonner et al., 2005) and by increasing the affin-
ity for acetyl-CoA and serine (Droux et al., 1998). 
The mitochondrial SAT from A. thaliana was 
also characterized in respect to their activation 
by complex formation. In the latter study only a 
slight but significant activation of mitochondrial 
SAT by complex formation was observed. This 
activation was based on a higher affinity of com-
plex associated SAT for acetyl-CoA (Wirtz et al., 
2001). Whether the slight increase of SAT activ-
ity by complex formation is sufficient to regulate 
OAS production under in vivo conditions needs 
to be confirmed. A molecular explanation for the 
increased acetyl-CoA affinity could be provided 
by the rearrangement of the C-terminal tail of SAT 
during binding to OAS-TL. Parts of the same tail 
were also shown to cover the binding pocket for 
acetyl-Co after the binding of cysteine, causing 
a reduction of the affinity of H. influenzae SAT 
for acetyl-CoA (Olsen et al., 2004; Johnson et 
al., 2005). Taken together, these results put a note 
of caution to the generally accepted assumption 
that SAT is activated by complex formation, due 
to increased affinity or V

max
 of the enzyme in the 

complex. At least in bacteria, other factors like 
temperature or proteases are necessary to prevent 
decreased activity of SAT upon complex forma-
tion. The moderate activation of mitochondrial 
AtSAT upon complex formation in in vitro exper-
iments possibly suggests a similar scenario in the 
mitochondria of plants.

V. S-transfer Reactions 
and Degradation of Cysteine

Enzymatic degradation of cysteine was hypoth-
esized in the 1940s to take place in bacteria and 
animals (Fromageot et al., 1940; Smythe, 1945; 
Fromageot, 1951). Forty years later enzymatically 
catalyzed degradation of cysteine came to focus 
also in higher plants as a result of the pioneering 
work of several research groups (Harrington and 
Smith, 1980; Rennenberg, 1983; Rennenberg et al., 
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1987; Schmidt, 1987). Four major functions for 
cysteine catabolism in higher plants are discussed 
in the literature: (a) recycling of cysteine bound 
sulfur as a result of protein degradation, (b) depo-
sition of elemental sulfur and release of sulfide in 
response to pathogen defense, (c) transfer of sul-
fur from cysteine to iron-sulfur clusters and (d) 
detoxification of cyanide by using cysteine as an 
acceptor. In contrast to synthesis of cysteine the 
current knowledge about degradation of cysteine 
is scarce. Anabolism and catabolism of cysteine 
must be separated in order to achieve coordination 
between the two pathways. This separation can 
be achieved by localization of the two pathways 
in different subcellular compartments of the plant 
cell, temporal delimitation of respective protein 
activities, or the use of different enantiomers of 
cysteine specifically for degradation (D-cysteine) 
and synthesis (L-cysteine) (Wirtz and Droux, 
2005). Up to now it is unclear if the mandatory 
separation of cysteine synthesis and degradation 
is achieved by only one of these mechanisms, 
several or all of them.

The following reactions (Fig. 4) can be envis-
aged to occur in the catabolism of cysteine: (A) 
L-cysteine desulfhydrase reaction or L-cysteine 
lyase, (B) L-cystine lyase reaction, (C) cysteine 
desulfurase reaction, (D) D-cysteine desulfhy-
drase reaction, (E) β-cyanoalanine synthase reac-
tion, (F) decomposition of cysteine by OAS-TL, 
(G) conversion of cysteine to mercaptopyuvate 
by transaminases or (H) amino acid oxidases. 
Since the formation of β-mercaptopyruvate has 
not been shown in plants so far (Schmidt, 2005) 
and the kinetic properties of the most abundant 
OAS-TLs in Arabidopsis does not allow a signif-
icant backward reaction (Wirtz et al., 2004), the 
last three possible reaction mechanisms will not 
be discussed in this review. Nevertheless, sev-
eral candidate genes exist in higher plants that 
may be involved in the degradation of cysteine 
(Fig. 5).

A. L-cysteine Desulfhydrase or L-cysteine 
Lyase

Although other cysteine consuming activities 
have been shown in higher plants (see below), 
the enzymes that are the most likely candidate for 
the degradation of cysteine in higher plants are 
L-cysteine desulfhydrase (EC 4.4.1.15, L-CDes 

or L-cysteine lyase, Fig. 4A) or L-cystine lyases. 
By feeding 35S-labeled L-cysteine (which contains 
per se cystine) to cultured tobacco cells Harrington 
and Smith (1980) observed that the initial step in 
cysteine (or cystine) degradation yielded pyruvate 
and sulfide in a 1:1 ratio and possibly ammonium. 
The catabolic reaction was linear with respect to 
time and amount of protein and had a pH opti-
mum of 8 in crude extracts. A L-CDes with a pH 
optimum of 8 has also been shown in Streptococ-
cus anginosus (Yoshida et al., 2002). Preliminary 
kinetic data for the tobacco L-CDes indicated 
that the K

M
 is approximately 0.2 mM cysteine. 

Pre-incubation of the tobacco cells with cysteine 
results in 15–20-fold increase of the extractable 
degradative activity, while intracellular cysteine 
concentrations increases (Harrington and Smith, 
1980). In contrast, S fertilization of field grown 
Brassica napus also significantly increase the 
contents of total S, glutathione and cysteine, but 
decreases L-CDes activity. In the same study the 
activity of L-CDes in B. napus was found to be 
induced by infection with Pyrenopeziza brassicae 
that increased cysteine and glutathione contents as 
well (Bloem et al., 2004). The latter finding gives 
rises to the hypothesis that L-CDes are involved 
in defence against pathogens by releasing toxic 
sulfide. Taken together these results indicate that 
L-CDes activity is not only regulated by intracel-
lular cysteine levels, but also by unknown endog-
enous and environmental signals.

So far an enzyme with exclusive L-CDes activity 
has not been isolated from higher plants, although 
several candidate genes for L-cysteine desulfhy-
drases were identified in the genome of Arabi-
dopsis thaliana (Fig. 5). Like in higher plants the 
activity of the L-CDes in the enterobacterium Sal-
monella typhimurium is inducible by pre-incuba-
tion with cysteine. The L-CDes of S. typhimurium 
was purified to quasi homogeneity after induction 
with cysteine. The native protein has a molecular 
weight of 229 kDa, suggesting a hexa-homoli-
gomeric structure composed of 37 kDa subunits, 
which contain one PLP per subunit (Kredich et 
al., 1972). Substrate saturation experiments using 
the purified enzyme demonstrated positive coop-
erativity with a Hill-coefficient of 1.9 and a K

M
 

for L-cysteine of 0.17 and 0.21 mM (Kredich et 
al., 1973). Both the inducibility of the enzymatic 
activity by cysteine and the biochemical character-
istics of the enzyme were similar in S. typhimurium 
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the L-enantiomer of cysteine, while D-cysteine desulfhydrase (D) uses the D-enatiomer of cysteine as substrate. The chemical 
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and tobacco indicating a conserved regulation of 
cysteine degradation in pro- and eukaryotes.

B. L-cystine Desulfhydrase or L-cystine 
Lyase

L-cystine is the oxidized form of cysteine in which 
two L-cysteine molecules are linked together via 

a disulfide bridge. L-cystine was identified in all 
analyzed higher plants, but the exact degree of 
oxidized cysteine is hard to quantify, due to oxida-
tion of cysteine during extraction. The L-cysteine 
pool is kept usually in a reduced state by the 
reduction/oxidation buffer glutathione, which is 
present in high excess of L-cysteine. Nevertheless 
L-cystine can accumulate during oxidative stress 
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conditions like high light, cold stress or pathogen 
attack. Recently, Jones and coworkers revealed 
that CORI3, which is annotated as a tyrosine 
aminotransferase-like protein, acts in vitro as a L-
cystine lyase (EC 4.4.1.13, Fig. 4B, Jones et al., 
2003). Interestingly CORI3 is jasmonic acid and 
salt stress-inducible, which may indicate regula-
tion of cysteine/cystine degradation by stress and 
hormone signalling (Gong et al., 2001; Sasaki et 
al., 2001). In animals and bacteria cystathionine 
γ-lyase is known to act as a L-CDes and L-cystine 
lyase (Smacchi and Gobbetti, 1998). Usually, 
cystathionine γ-lyase catalyses the cleavage of 
cystathionine, which results in the production 
of cysteine and the byproducts ammonium and α-
ketobutyrate. Nevertheless, the enzyme can also 
use L-cysteine and L-cystine as substrates. For 
a detailed description of all possible substrates 
and reaction mechanisms of this multifunctional 

enzyme look up the enzyme-database BRENDA 
(http://www.brenda.uni-koeln.de/). Biochemical 
characterization of the plant cystathionine β-lyase 
indicates that it have not this wide substrate 
specificity (Staton and Mazelis, 1991).

C. Cysteine Desulfurase of NifS-type

The cysteine desulfurases of the NifS-type (EC 
2.8.1.7, Fig. 4C) identified in Arabidopsis dif-
fer in their subcellular localization and develop-
mental expression patterns. At1g16540 (Aba3) 
is located in the cytosol (Heidenreich et al., 
2005), while At5g65720 (MtNifS, AtNFS1) and 
At1g08490 (CpNifS, AtNFS2) are transported to 
mitochondria and plastids, respectively. MtNifS 
and CpNifC provide elemental sulfur for iron-sulfur 
cluster formation in the respective organelle, 
while Aba3 acts as a molybdenum cofactor sulfurase. 
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Fig. 5. Sequence relationships of cysteine degrading enzymes. The phylogenetic tree was created with Vector NTI 9 (Invitrogen, 
Darmstadt) using the full length proteins. Annotation of enzymes is according to their description in the respective GenBank™ 
accession: AtCpNifS: Q93WX6, AtMtNifS: O49543, NifS H. sapiens: Q9Y697, NifS S. cerevisiae: NP_009912, selenocysteine 
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Plants with reduced CpNifS expression exhibited 
chlorosis, a disorganized chloroplast structure, 
stunted growth and eventually became necrotic 
and died before seed set (Van Hoewyk et al., 
2007), demonstrating that cysteine desulfurase 
activity in plastids is essential for iron-sulfur 
cluster formation and optimal plant growth (Ye et 
al., 2005; Ye et al., 2006). MtNifS is responsible 
for desulfuration of cysteine in order to provide 
elemental sulfur for iron-sulfur cluster formation 
in mitochondria (Frazzon et al., 2007), which 
is believed to provide iron-sulfur clusters for 
cytosolic and nuclear iron-sulfur proteins (Balk 
and Lobreaux, 2005). Very recently the AtSufE 
protein was resolved to be an essential activator 
of both plastidic and mitochondrial desulfurases 
in Arabidopsis (Xu and Moller, 2006). The strin-
gent regulation of MtNifS and CpNifS activity 
by the presence AtSufE allows an optimal coor-
dination between cysteine degradation for iron-
sulfur cluster formation and cysteine synthesis by 
OAS-TL in mitochondria and plastids. So far it is 
unknown how the coordination between cysteine 
degradation for molybdenium cofactor synthesis 
and cysteine synthesis in the cytosol is achieved. 
An elegant way would be allosteric inhibition of 
Aba3 activity by the molybdenum cofactor itself, 
but a detailed biochemical analysis of Aba3 in 
this respect is missing to date.

D. D-cysteine Desulfhydrase

In contrast to the former described cysteine 
degrading activities the D-cysteine desulfhydrase 
(D-CDes, EC 4.4.1.15, Fig. 4D) uses D-cysteine 
instead of L-cysteine, which provides an elegant 
explanation for the presence of cysteine produc-
ing and degrading activities in the same sub-cel-
lular compartment. The authors are not aware of 
any report that unequivocally demonstrate the 
presence of D-cysteine as a natural occurring 
metabolite of higher plants. A racemase that con-
verts L-cysteine to D-cysteine has also not been 
isolated from higher plants (Schmidt, 1986), but 
protein bound L-cysteine could be converted to 
D-cysteine non enzymatically by the base-cata-
lysed racemization reaction (Friedman, 1999). 
In addition, higher plants are suggested to take 
up D-amino acids from the soil, where they are 
secreted by microorganisms (Aldag et al., 1971). 
Although D-cysteine was not isolated from plants 

so far, D-amino acids in general are believed to 
be principle components of gymnosperms as 
well as of monocotyledonous and dicotyledonous 
angiosperms (Bruckner and Westhauser, 2003). 
Green plants and algae are capable of degrad-
ing D-cysteine specifically by D-CDes activity 
(reviewed in Schmidt, 1986). The L-CDes and 
D-CDes activities were easily distinguishable 
in cucurbit and tobacco, since the enzymes cata-
lysing both reactions differ in their response to 
inhibitors, their subcellular localization and had 
different pH optima. In both plants species the 
extractable D-CDes activity was more than one 
order of magnitude higher than the L-CDES 
activity (Rennenberg et al., 1987).

Recently, two proteins catalysing the D-CDes 
reaction in vitro were identified in Arabidopsis 
due to their similarity with the D-CDes of E. coli 
(YedO, Fig. 5). Expression analysis on transcript 
level suggests that D-CDes1 (At1g48420) and 
D-CDes2 (At3g26115) might have specific roles 
during development of Arabidopsis. While D-
CDes1 catalyses specifically the desulfuration of 
D-cysteine, D-CDes2 accepts L-cysteine beside 
D-cysteine as substrate (Riemenschneider et al., 
2005a; Riemenschneider et al., 2005b). In silico 
analysis of transit peptides from both proteins 
indicate a mitochondrial localization, which was 
proven for D-CDes1 independently by immu-
nological detection and GFP-fusion constructs. 
Consistent with its sulfur remobilizing func-
tion D-CDes activity was identified to be high-
est in senescent plant leaves. Neither D-CDes1 
nor D-CDes2 transcript levels could explain 
the significant increase of C-Des activity during 
senescence (Riemenschneider et al., 2005a). The 
latter results indicate a post-translational control 
of the D-CDes proteins or the existence of further 
D-CDes enzymes, which are not identified.

E. b-cyanoalanine Synthase

β-Cyanoalanine synthase (CAS; EC 4.4.1.9, Fig. 4E) 
catalyzes the formation of the non-protein amino 
acid β-cyanoalanine from cysteine and cyanide, 
thereby playing a pivotal role in cyanide detoxi-
fication (Floss et al., 1965; Meyers and Ahmad, 
1991). CAS activity has been detected in bacte-
ria (Dunnill and Fowden, 1965), insects (Meyers 
and Ahmad, 1991) and plants (Blumenthal et al., 
1968; Hendrickson and Conn, 1969). In plants, 
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ethylene synthesis by 1-aminocyclopropane-1-
carboxylic acid oxidase results in the production 
of cyanide (Peiser et al., 1984). Inhibition of CAS 
activity by 2-aminoxyacetic acid revealed that 
detoxification of cyanide is dependant on CAS 
activity in higher plants. However, several-hun-
dred fold increases of cyanide production dur-
ing ripening of apple and avocado fruits are not 
accomplished by a severe induction of extract-
able CAS activity (Yip and Yang, 1988). Cyanide 
toxicity is caused by binding of cyanide to the 
iron atom of the enzyme cytochrome c oxidase 
in the fourth complex in the mitochondrial mem-
brane. This denatures the enzyme, and the final 
transport of electrons from cytochrome c oxidase 
to oxygen cannot be completed. As a result, the 
electron transport chain is disrupted, meaning 
that the cell can no longer aerobically produce 
ATP for energy. Consequently CAS activity is 
located exclusively in mitochondria of insects 
(Meyers and Ahmad, 1991). Several lines of evi-
dence indicate that in higher plants CAS is also 
exclusively localized in mitochondria. Firstly, 
CAS activity was purified to homogeneity for 
the first time from mitochondrial fractions of 
blue lupine (Hendrickson and Conn, 1969), sec-
ondly, the identified CAS proteins of spinach and 
Arabidopsis are both located in the mitochon-
drial lumen (Warrilow and Hawkesford, 1998; 
Hatzfeld et al., 2000). Thirdly, the background 
activity of CAS that was identified in the cytosol 
of cocklebur (Xanthium pennsylvanicum) seeds is 
attributed to cytosolic OAS-TL (Maruyama et al., 
1998). CAS and OAS-TL are structurally very 
similar proteins, which are able to catalyse both: 
β-cyanoalanine and cysteine synthesis to a certain 
extend. For that reason it is hard to distinguish if 
a protein acts in vivo as a CAS or an OAS-TL. 
Only a careful biochemical characterisation of 
kinetic constants for both reactions allows a cat-
egorization of a certain enzyme to act as CAS or 
OAS-TL under in vivo conditions (Warrilow and 
Hawkesford, 2000; Yamaguchi et al., 2000). By 
using these careful biochemical characterization 
in combination with immunological detection, 
the putative isoforms of OAS-TL from spinach 
and potato were identified as CAS (Warrilow 
and Hawkesford, 1998; Maruyama et al., 2000). 
Most likely a feature that specifies an authentic 
OASTL is the ability to interact physically with 
SAT protein in the CSC. While two-hybrid system 

and co-purification experiments show the associ-
ated SAT and OAS-TL enzymes (Bogdanova and 
Hell, 1997; Droux et al., 1998; Wirtz et al., 2001; 
Hell et al., 2002; Droux, 2003), such an interac-
tion makes no sense for a CAS.

However, in A. thaliana both proteins are 
present in mitochondria (Hatzfeld et al., 2000; 
Jost et al., 2000; Wirtz et al., 2004). The presence 
of both enzymatic activities in the mitochondria 
would allow an efficient detoxification of cyanide 
via cysteine by consumption of serine, which is 
produced in mitochondria in high amounts by 
photorespiration (Fig. 6). In contrast to potato and 
spinach, Arabidopsis produces cyanogenic glu-
cosinolates, which are part of the defence system 
against herbivores in all Brassicaceae. It is con-
ceivable that the enhanced cyanide metabolism in 
the Brassicaceae requires a more efficient mito-
chondrial cyanide detoxification system consist-
ing of CAS and OAS-TL in mitochondria itself.

In Arabidopsis CAS is 37 kDa protein (trivial 
name: AtCysC1), which is encoded by the gene 
At3g61440. The transcript levels of At3g61440 
are almost constant in seeds, rosettes, roots and the 
inflorescence, with the exception that in pollen 
only small amounts of transcript could be detected 
(data from https://www.genevestigator.ethz.ch). 
In agreement with the finding that enhanced 
ethylene formation does not induce extractable 
CAS activity, the transcript level of At3g61440 is 
kept constant in senescent leaves. Recombinant 
AtCysC1 has a specific activity of 62 µmol sulfide 
min−1 mg−1 protein and K

M
 values of 2,5 mM and 

60 µM for cysteine and cyanide, respectively 
(Hatzfeld et al., 2000). The spinach CAS has 
similar biochemical properties (Warrilow and 
Hawkesford, 2000). It seems doubtful that the 
low affinities of the recombinant CAS proteins 
for cyanide allows keeping the cyanide concen-
tration at cellular levels around 0.2 µM, which is 
far below the K

i
 of cyanide (10–20 µM) to inhibit 

respiration (Yip and Yang, 1988).

VI. Regulation of Cysteine Flux 
in Plants

Regulation in any metabolic pathway is a mecha-
nism to adjust supply and demand. Major triggers 
for regulation are plant development, environ-
mental factors like stress and nutrient supply. 
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The spatial component includes root-to-shoot 
and source-sink communication, i.e. the supply 
of sulfate to roots, its transport along the plant 
axis, the demand by developing seeds or locally 
stressed organs and transport of reduced sulfur as 
nutrient or signal within the plant. In all cases the 
cell, independent of its position in the plant body, 
has to be able to sense supply and demand of 
metabolites and to respond adequately. Searches 
for long-distance signals as well as cellular sig-
nal transduction have been in the focus of plant 
sulfur research. Green algae and in particular 
Chlamydomonas have been and still are model 
organisms in the latter respect (see chapter by 
Shibagaki and Grossman, this book). Work on 
Arabidopsis suggested that cysteine synthesis 
plays an integral role in the regulation of primary 
sulfur metabolism. In particular the properties of 
the cysteine synthase protein complex gave rise 
to theories about a new metabolite sensing mech-
anism (Hell and Hillebrand, 2001; Droux, 2003). 
Moreover, the reaction intermediate of cysteine 
synthesis, OAS, forms a direct connection of 
sulfate assimilation with nitrate assimilation and 
carbon metabolism (Kopriva et al., 2002; Hesse 
et al., 2004). Network analyses using microarrays 
confirm these assumptions (see Takahashi and 
Saito, this book). The regulation of flux into and 
through cysteine synthesis therefore is of central 
importance for growth and fitness of the plant. It 
is noteworthy that this position of cysteine syn-

thesis, although based on totally different regu-
lation, parallels the early regulatory system in 
enterobacteria.

A. Allosteric Regulation of Cysteine 
Synthesis by Feedback Inhibition

Feedback inhibition of SAT by cysteine is an 
important feature for the enterobacteria regula-
tory system and is also found in several SATs from 
plants. Unfortunately, no information on feedback 
sensitivity of SAT from phototrophic bacteria is 
available. For higher plants an elegant model of 
flux control of cysteine synthesis was suggested 
(Saito, 2000), based on the observation that in A. 
thaliana the cytosolic SAT isoform is strongly 
feedback inhibited by cysteine, whereas the plas-
tid and mitochondrial SAT isoforms are mostly 
insensitive (Noji et al., 1998). 50% (IC

50
) inhibi-

tion of maximal activity was determined for the 
cytosolic SATs from watermelon (Citrullus vul-
garis) at 1.8 µM and from A. thaliana at 2.9 µM 
cysteine (Saito et al., 1995; Noji et al., 1998). In 
this model cytosolic SAT activity is considered 
to particularly important for the control of OAS 
concentrations, since is potentially involved in the 
expression control of sulfur metabolism genes in 
response to sulfate availability. In the organelles 
feedback-insensitive SAT isoforms would reside 
to allow independent cysteine formation and this 
has indeed been reported (Noji et al., 1998; Saito, 

Fig. 6. Detoxification of cyanide in mitochondria of Arabidopsis thaliana. Serine acetyltransferase (1) and O-acetylserine
(thiol)lyase (2) catalyze the synthesis of cysteine in a two step process. The fate of the acetyl-moiety during catalysis is shown 
in grey. In mitochondria β-cyanoalanine synthase (3) uses cysteine as an acceptor to detoxify cyanide. During the detoxification 
of cyanide sulfide is released, which can be fixed by OAS-TL to reconstitute the acceptor for cyanide.
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2000). An independent analysis of recombinant 
SAT3 from Arabidopsis mitochondria however, 
reported an intermediate sensitivity for IC

50
 of 

50–70 µM cysteine (Wirtz and Hell, 2003a).
Furthermore, the degree of SAT feedback-sen-

sitivity varies considerably between plant spe-
cies and subcellular compartment. A plastid SAT 
from spinach (SAT56) showed an IC

50
 of 7.6 µM 

cysteine (Noji et al., 2001b). One organelle-
localized (SAT1) SAT from tobacco (Nicotiana 
tabacum) showed an IC

50
 value of about 50 µM 

cysteine and another organelle-localized SAT was 
not inhibited at all at cysteine concentrations up 
to 600 µM (SAT4; Wirtz and Hell, 2003a). In con-
trast, a tobacco cytosolic SAT (SAT7) was indeed 
inhibited by 50% at about 50 µM cysteine. In pea 
(Pisum sativum) the protein fraction with cytosolic 
SAT activity was not inhibited by cysteine at all, 
whereas the SAT activities in isolated chloroplasts 
and mitochondria displayed IC

50
 values of 33 and 

283 µM, respectively (Droux, 2003). A note of cau-
tion is added to these data: they were mostly deter-
mined using non-purified or recombinant enzymes 
with N-terminal fusions. Furthermore, these inhi-
bition assays were obviously performed with SAT 
proteins in the absence of OAS-TL. Whether the 
degree of feedback inhibition by cysteine changes 
with the association or dissocitation of the cysteine 
synthase complex is not known.

Allosteric regulation of cytosolic SAT as pri-
mary mechanism of flux control is difficult to 
interpret in view of a number of in vivo experi-
ments. The abiotic defense response of plants 
that is induced by heavy metals or xenobiotics in 
order to form glutathione in the cytosol results in 
an increased flux and accumulation of cysteine 
which would inhibit SAT (Rüegsegger and Bru-
nold, 1992; Farago and Brunold, 1994). Simi-
larly, fumigation of plants with H

2
S results in 

enhanced levels of cysteine and is even sufficient 
to cover the sulfur demand of the plant (De Kok 
et al., 2002). Over-expression of feedback-sensi-
tive SAT from E. coli and A. thaliana in trans-
genic plants promotes elevated cysteine levels 
(Blaszczyk et al., 1999; Harms et al., 2000; Noji 
and Saito, 2002; Wirtz and Hell, 2003a). Any 
accumulation of cysteine in a compartment with 
feedback-sensitive SAT could only be explained, 
if the subcellular cysteine pools were separated, 
but the distribution of cysteine within cells is evi-
dently not known to date.

B. Application of Transgenic Plants

Transcriptional regulation of the sulfate assimila-
tion pathway is most pronounced at the level of 
sulfate transporter gene expression (Maruyama-
Nakashita et al., 2003; Maruyama-Nakashita 
et al., 2004; Maruyama-Nakashita et al., 2006). 
Deficiency of sulfate rapidly induces the expres-
sion of genes encoding sulfate transporter proteins 
of the plasmalemma. The genes encoding activa-
tion and reduction steps are expressed in most 
cells at a basal level, but can also be modulated by 
sulfate supply and demand. However, the mRNA 
changes are smaller and often even less effected 
at the protein and activity levels is observed when 
they are compared to sulfate transport (Logan et 
al., 1996; Takahashi et al., 1997; Bork and Hell, 
2000; Koprivova et al., 2000). As stated above, 
the response of genes related to cysteine synthe-
sis to sulfate limitation and their corresponding 
enzyme activity changes are rather small (Hell 
et al., 1994; Hesse et al., 1999). Thus, at least with 
respect to sulfate supply, the classical parameter 
for sulfur research, the importance of transcrip-
tional control seems to decrease from expression 
of sulfate transporter genes to cysteine synthesis 
(Hell, 2003). It should be cautioned that other 
environmental factors such as light and nitrogen 
nutrition or stress may act differently on the tran-
scription of these genes.

This observation nevertheless suggests that 
cysteine synthesis is a flux control point for primary 
sulfur metabolism. If cysteine synthesis is enhanced, 
a feedback to sulfate uptake and activation would 
be expected that provides sufficient sulfide and 
OAS for cysteine synthesis. Understanding of 
regulation of cysteine synthesis itself is therefore 
the potential key to the control of assimilatory 
sulfur metabolism in general.

Modification of the activities of SAT and OAS-
TL in the cytosol, plastid and mitochondria are 
one way to test the regulatory function of cysteine 
synthesis. Mutants with decreased activities of 
one of the protein isoforms due to insertional 
inactivation have not been reported so far. Over-
expression approaches in Arabidopsis, tobacco 
and potato using both proteins basically confirm 
the limiting role of SAT (Sirko et al., 2004). The 
expectation of such an approach is an enhanced 
formation of OAS as far as the substrates serine 
and acetyl-CoA are available. Total measurable 
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SAT activity in leaf extracts of wildtype plants of 
many tested species is about 400 times lower than 
OAS-TL activity (Droux, 2003). OAS will there-
fore even in overexpressor lines accumulate only 
to a moderate extent as long as sufficient sulfide 
is available, but cysteine and glutathione will 
show increased steady-state levels. Consequently, 
the over-expression of OAS-TL in plastids or the 
cytosol had only minor effects on the contents 
of cysteine and glutathione, although remark-
able effects on stress tolerance were reported 
(Dominguez-Solis et al., 2001; Harada et al., 
2001; Noji et al., 2001a; Youssefian et al., 2001; 
Kawashima et al., 2004). In line with the above 
observations isolated chloroplasts from wildtype 
and transgenic lines with OAS-TL overexpres-
sion in this compartment, when supplied with 
external OAS, showed enhanced cysteine and 
glutathione formation (Saito et al., 1994). How-
ever, assuming strongly increased consumption 
of cysteine and particularly glutathione under 
the stress conditions applied in these reports, the 
improved tolerance of transgenic lines suggests 
a successfully increased flux rate in vivo, even 
so OAS-TL was already present in the wildtype 
plants at high activity.

According to the expectation, expression 
of either bacterial or plant SAT in the cytosol 
or plastids achieved significantly higher steady-
state concentrations of cysteine and glutathione, 
depending on whether cysteine feedback-sensi-
tive or insensitive SAT proteins were applied. 
Where determined, OAS contents accumulated 
too much lower extent than thiols. Unfortunately, 
these transgenics plants were less intensively 
tested for their stress tolerance properties (Sirko 
et al., 2004; Wawrzynski et al., 2006). No reports 
have included cysteine degrading activity in SAT 
overexpressors. SAT overexpression studies 
all indicate that the substrates for OAS-TL, the 
final step of cysteine synthesis, are rate limiting 
(Blaszczyk et al., 1999; Harms et al., 2000; Noji 
and Saito, 2002; Wirtz and Hell, 2003a, 2007).

In addition to these data, an independent exper-
iment using an SAT protein that had been mutated 
and enzymatically inactivated in its catalytic 
center, provided astonishing changes in the sulfur 
composition of the transformed plants (Wirtz and 
Hell, 2007). This SAT protein from Arabidopsis 
was still able to interact with OAS-TL, includ-
ing endogenous OAS-TL, when expressed in 

the cytosol of tobacco leaves. The tobacco SAT 
was apparently at least partially out-competed by 
strongly accumulating mutated SAT, presumably 
resulting in down-regulation of cysteine synthesis 
in the cytosol and up-regulation in the chloro-
plasts and mitochondria. This conclusion by the 
authors of the study was supported by up to 25 
times enhanced cysteine steady-state levels com-
pared to wildtype, twofold increased OAS con-
centrations and a significant overall accumulation 
of total sulfur content in the transgenic lines. This 
was the largest reported enhancement of flux into 
cysteine so far that strongly suggests that the for-
mation of the CSC together with exchange mech-
anisms between cellular compartments or lack 
thereof are of great importance for the regulation 
of cysteine synthesis (Wirtz and Hell, 2007).

C. Effectors and Properties of the Cysteine 
Synthase Complex

The availability of substrates is of general impor-
tance for any rate of product formation, if the 
concentrations run below binding constants and 
Michaelis-Menten constants of the respective 
protein. In case of cysteine synthesis serine is 
unlikely to limit, but acetyl-CoA may, at least 
in some compartments or metabolic situations, 
become critical for maximal activity of SAT in 
the CSC (Wirtz and Droux, 2005). As outlined 
before, the K

M
 values of OAS-TL for OAS are 

rather high, giving rise to the assumption that 
OAS prevents free OAS-TL from maximal rates 
of cysteine formation under most circumstances. 
While substrate affinities of bacterial and at least 
Arabidopsis OAS-TL proteins for sulfide are in 
the low micromolar range (Wirtz et al., 2004), 
the true cellular sulfide concentrations are neither 
known under sufficient nor limiting sulfate sup-
ply. Since the integration of sulfide is the decisive 
step of the entire assimilatory pathway, it seems 
reasonable to assume that its availability is critical 
to maintain cysteine synthesis and thus growth. 
The product cysteine, as discussed before, may 
control the rate of its formation by feedback inhi-
bition of SAT, but depending on the compartment 
and the properties of the present SAT isoform.

These considerations suggest OAS and sulfide 
as potentially most important factors for the flux 
rate of cysteine synthesis. In fact, both metabo-
lites are not only intermediates of the pathway 
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but have additional functions: OAS seems to 
be involved in the control of sulfur-related gene 
expression and OAS as well as sulfide exert allos-
teric properties on the association of SAT and 
OAS-TL in the CSC. OAS has long been known 
to destabilize the CSC in enterobacteria and plants 
(Kredich et al., 1969; Droux et al., 1998), but only 
recently its cellular concentrations could be reli-
ably determined. Data from several authors using 
different tissues from Arabidopsis (leaf, silique, 
cell culture), soybean (cotyledon) and potato (in 
vitro shoots) revealed overall concentrations of 
0.3 to 6 µM after extraction of whole samples, 
if cells were supplied with sufficient sulfate. 
Independent of the large differences in the time 
courses monitored, the typical response to sulfate 
limitation consisted in an increase of OAS levels 
to values between 4 and 60 µM. Unfortunately, 
virtually nothing is known about subcellular dif-
ferences and possible transport of OAS between 
subcellular compartments in higher plants (Kim 
et al., 1999; Awazuhara et al., 2000; Wirtz and 
Hell, 2003a; Hopkins et al., 2005).

These changes of OAS concentrations in 
response to sulfate limitation suggest a func-
tion in signal transduction that is corroborated 
by feeding studies. Addition of OAS to barley 
roots (Smith et al., 1997), Zea mays cell cultures 
(Clarkson et al., 1999) and Arabidopsis plants 
(Koprivova et al., 2000; Kopriva et al., 2002) 
resulted in the increase of mRNA levels and 
activities of sulfate transporters, ATP sulfurylase 
and APS reduktase. External concentrations of 
1 mM OAS over-ruled the repressing effect of 
sufficient sulfate in the growth medium. It may 
be concluded from these findings that OAS is 
directly or indirectly involved in the control of 
sulfate uptake and assimilation. This role applies 
to a large number of genes and not just primary 
reactions. OAS feeding induced the expression 
of the nitrilase gene 3 that is involved in glu-
cosinolate degradation in Arabidopsis (Kutz et 
al., 2002). DNA microarray analysis comparing 
sulfate deficiency and OAS feeding in Arabidop-
sis plants revealed more than hundred up-regu-
lated mRNAs of which about 40% were identical 
between the sulfate deficiency response and the 
effect of OAS feeding (Hirai et al., 2003, Takahashi 
and Saito, this book).

Interesting evidence for the contribution of 
OAS to sulfur deficiency signalling is provided 

by identification of a promoter fragment present 
in the Arabidopsis Nit3 gene (Kutz et al., 2002) 
and the soybean β-conglycinin gene (Kim et al., 
1999; Ohkama et al., 2002). This element alone 
in combination with activation elements was 
sufficient to confer sulfate deficiency and OAS 
responsiveness to reporter genes. This strongly 
suggests that OAS is an intermediate in cysteine 
synthesis and in addition a potential element of 
signal transduction to regulate sulfur homeosta-
sis in a plant cell. However, detailed analysis of 
the promoter of sulfate transporter 1;1 (Sultr1;1) 
from Arabidopsis identified a 16 basepair ele-
ment (‘SURE’) that was alone sufficient to con-
fer sulfate deficiency response and repression by 
cysteine and glutathione, but not activation by 
OAS (Maruyama-Nakashita et al., 2005).

D. Biochemical and Allosteric Properties 
of the Cysteine Synthase Complex

The CSC is very unusual for a metabolic protein 
complex because its function in bacteria and plants 
is obviously different from substrate channeling 
of OAS (Cook and Wedding, 1978; Droux et al., 
1998). It seems now evident that the docking of the 
C-terminus of SAT to the catalytic cleft of OAS-TL 
strongly hinders access of OAS and thus results in 
diffusion of the intermediate into the surrounding 
solution (Huang et al., 2005; Francois et al., 2006, 
section III.B). This finding elegantly explains why 
OAS can dissociate the CSC (via competition with 
the C-terminus for the catalytic cleft) and why free 
OAS-TL dimers are required (to catch released 
OAS and free sulfide). The function of OAS-TL in 
the CSC was explained as regulatory subunit that 
acts by stabilisation and activation of SAT (Droux 
et al., 1998, Fig. 7).

It is indeed remarkable that SAT activity seems 
to rely on the association with OAS-TL. SAT activ-
ity has never been detected in plant or bacterial 
protein preparations without associated OAS-TL 
protein. Release of SAT from the complex in vitro 
results in rapid loss of activity (Droux et al., 1998; 
Wirtz et al., 2001) and to achieve maximal SAT 
activity for cysteine production a 400-fold excess 
of OAS-TL activity is required (Ruffet et al., 1994; 
Droux et al., 1998). This correlates well with the 
reported 354-fold and 306-fold excess of OAS-TL 
to SAT activity in chloroplasts of spinach and pea 
(Ruffet et al., 1994; Ruffet et al., 1995). However, 
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since the CSC self-assembles even in vitro from 
its constituents in the absence of OAS, it may be 
suspected that any protein extraction from living 
cells goes along with a dilution and thus strongly 
decreases OAS concentrations. This could result 
in assembly of the CSC from SAT and OAS-TL 
proteins that under native in vivo conditions might 
have been unbound.

The relevance of OAS-promoted dissociation 
is supported by precise concentration-dependent 
dissociation kinetics. While the dissociation of 
the S. typhimurium complex and a plant complex 

mixed from Arabidopsis and spinach subunits 
by millimolar concentrations of OAS had long 
been known (Kredich et al., 1969; Droux et al., 
1998), the CSC from Arabidopsis mitochondria 
was quantitatively analyzed using special protein 
interaction techniques (Berkowitz et al., 2002). 
An equilibrium dissociation constant of 57 µM 
OAS was observed as well as a dissociation rate 
constant of 77 µM OAS with a cooperative Hill-
constant. These findings suggest that the equi-
librium of CSC association/dissociation can be 
effectively shifted almost like a switch (Berkowitz 
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Fig. 7. Hypothesis for the function of the cysteine synthase complex in planta. The figure depicts the theoretical model for 
the sensor and regulatory function of the cytosolic CSC by O-acetylserine (OAS) dependant dissociation of the CSC. Under 
normal sulfur supply (left panel) sulfate (SO

4

2−) enters the cell and is reduced to sulfide (S2−) in the plastids (light grey circles). 
Sulfide leaks as H

2
S out or is actively transported across the plastid membranes (dashed arrows) into the cytoplasm. In the cyto-

plasm sulfide is used by free O-acetylserine(thiol)lyase dimers (OAS-TL, dark circles) to synthesize cysteine. The precursor of 
cysteine is OAS, which is produced by serine acetyltransferase (SAT, light grey circles). Under these conditions SAT is active, 
since it is associated with OAS-TL in the CSC. OAS releases the CSC since OAS-TL inside the complex (dashed circles) is 
inactive. At sulfur deficient conditions OAS accumulates, since sulfide is not available for conversion of OAS to cysteine by 
free OAS-TL (upper panel). Prolonged sulfur deficiency raises OAS levels above a certain threshold and causes the CSC to 
dissociate (right panel). Dissociation of the CSC results in inactivation of SAT (dented circles) to prevent consumption of acetyl-
CoA (acCoA). The high OAS level, the dissociated CSC or a combination of those is the trigger for transcriptional activation 
of sulfur metabolism related genes in the nucleus (dashed dark circle). The activation of the sulfate transporting and reducing 
system makes sulfide become available (lower panel). As a result the OAS concentration decreases, since OAS is converted to 
cysteine by OAS-TL. When the OAS level falls below the threshold for dissociation the CSC, SAT and OAS- TL reassociate to 
form the CSC. SAT is activated and synthesizes OAS with a rate adapted to the current sulfate supply (left panel).
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et al., 2002). Since fluctuations of cellular OAS 
concentrations in this range have been observed 
(see above) in response to sulfate limitation, the 
equilibrium of CSC formation could control the 
rate of cysteine synthesis due to the complex-
dependent activity of SAT.

Moreover, stabilization of the complex has 
already been reported, when 1 mM sulfide was 
added to the CSC from S. typhimurium. This 
treatment completely prevented the dissociation 
caused by OAS (Kredich et al., 1969). Again 
this effect was corroborated for a plant CSC. In 
the presence of 1 mM OAS and completely dis-
sociated recombinant CSC from Arabidopsis 
mitochondria, the addition of increasing concen-
trations of sulfide resulted in association of SAT 
and OAS-TL with about 30 µM sulfide causing 
50% decrease of OAS-TL activity due to com-
plex association (Wirtz and Hell, 2006). Although 
the quantification of sulfide stabilization needs 
refinement, these in vitro data strongly suggest a 
physiological relevance for the regulation of CSC 
association and flux control of cysteine synthesis.

E. Metabolite Sensing and Regulation 
by the Cysteine Synthase Complex

The described evidence was integrated into a 
model that positions the CSC as a sensor in 
the regulation of cellular cysteine homeostasis 
(Droux et al., 1998; Hell, 1998; Hell and Hill-
ebrand, 2001; Hell et al., 2002). The roots are the 
actual sites of nutrient perception, but decrease 
of external followed by internal availability of 
sulfate is important for growth and viability of 
all cells. Therefore, a basic cellular model might 
apply to source as well as sink cell. Sulfate defi-
ciency will first result in lack of sulfide and then 
of cysteine and glutathione until protein biosyn-
thesis stalls. Sulfide is a robust, fully reduced 
sulfur compound with little toxicity potential due 
to its very low concentrations. APS and sulfite 
seem less likely as sensing metabolites because 
of the lability of APS and high reduction poten-
tial of sulfite. In analogy to sulfate assimilation, a 
reduced nitrogen compound such as ammonia or 
glutamine has been suspected as sensing metabo-
lite (Crawford and Forde, 2002). This regula-
tory model is based on the fully associated CSC 
during sufficient sulfate supply, meaning that all 
available SAT is bound to OAS-TL but leaving 

an excess of free and active OAS-TL dimers (Fig. 7). 
SAT is active and produces OAS that diffuses into 
the solution because of blocked catalytic cleft of 
bound OAS-TL. Instead, free OAS-TL dimers 
catalyze the formation of cysteine from OAS and 
sulfide. Under this condition OAS concentrations, 
including the cytosol, are below the dissociation 
threshold for complex dissociation. Accordingly, 
sulfide may stabilize the complex to sustain OAS 
formation and sulfate transport and assimilation 
genes are partially repressed.

If sulfate limitation in the environment of the 
cell results in a limitation of sulfide, OAS con-
centrations will start to increase, because a criti-
cal substrate for cysteine synthesis in missing. 
The first consequence is OAS accumulation above 
the dissociation threshold concentration of about 
50–80 µM and dissociation of the CSC in the 
absence of sulfide. Free SAT rapidly loses activ-
ity and avoids further consumption of acetyl-CoA. 
Second, increased OAS concentrations may trig-
ger the de-repression of genes of sulfate transport, 
ATP sufurylase and APS reductase. The affinity 
and capacity for sulfate uptake at the plasmalemma 
increases and helps to import sulfate if at all avail-
able. Sulfide is produced by assimilation and can 
immediately react with OAS catalyzed by active 
OAS-TL dimers. When OAS concentrations fall 
again below the dissociation threshold, the com-
plex can re-assemble including active SAT. The 
production of OAS starts again at a rate that corre-
sponds to the sulfide status of the cell. Re-adjusted 
cysteine or glutathione concentrations may repress 
the uptake and assimilation genes. It should be 
noted that this model describes the CSC as part of 
a sensor system that regulates the flux of primary 
sulfur metabolism in a cell, whereas cysteine is 
synthesized by free OAS-TL dimers (Fig. 7).

This working model places the CSC in the signal 
transduction line of sulfate as a macronutrient. 
Very little is known so far about the upstream 
events the mediate between sulfate deficiency and 
transcriptional and growth responses (Schacht-
man and Shin, 2007). Microarray analyses have 
revealed numerous downstream events includ-
ing interaction with nitrogen assimilation (Hirai 
et al., 2003; Nikiforova et al., 2004; Nikiforova 
et al., 2005), but only recently the first transcrip-
tion factor (SLIM1) has been described that seems 
to control at least part of the genes of the typical 
sulfate deficiency response (Maruyama-Nakashita 
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et al., 2006). If the CSC model proves to be cor-
rect, this excludes by no means the possibility of 
additional sensors, e.g. for sulfate or glutathione. 
However, no sensor for any plant nutrient has been 
described so far (Schachtman and Shin, 2007).

However, a number of open questions put a 
note of caution to the model. The mechanism of 
SAT inactivation outside the complex is entirely 
unknown (section IV.C). So far no post-transla-
tional modification has been reported that might 
account for activity changes, although the phos-
phorylation of a soybean cytosolic SAT was 
shown to result in decreased feedback sensitivity 
for cysteine (Liu et al., 2006). Particularly criti-
cal is the lack of correlation between OAS fluc-
tuations, sulfate transport capacity and sulfate 
transporter kinetics (Hopkins et al., 2005). While 
OAS concentrations increase early on after trans-
fer of single cells to sulfate deficient medium and 
approximately in parallel to the expression of a 
sulfate transporter (Wirtz et al., 2004), the induc-
tion of sulfate transporter genes precedes OAS 
accumulation in long-term experiments (Buchner 
et al., 2004; Hopkins et al., 2005). The apparently 
continuous accumulation of OAS can at present 
only be explained by subcellular compartmenta-
tion that removes OAS from the CSC complexes 
in cytosol, plastids and mitochondria.

On the other hand, the cysteine synthase model 
agrees with many physiological situations of 
sulfur metabolism. Optimal sulfur nutrition via 
H

2
S would stabilize the complex to maximize 

OAS production for cysteine synthesis. This was 
indeed observed in whole plant experiments (De 
Kok et al., 2002). Long-term feeding of OAS 
potentially results in partial complex dissocia-
tion, but at the same time the induced sulfate 
assimilation genes generate more sulfide that 
stabilizes the complex, allowing for elevated 
cysteine levels (Neuenschwander et al., 1991). 
The over-expression of SAT in transgenic plants 
would produce more complex-bound SAT and 
consequently more OAS and cysteine formation 
as was observed (Blaszczyk et al., 1999; Harms 
et al., 2000; Noji and Saito, 2002; Wirtz and Hell, 
2003a). The model is compatible with allosteric 
regulation by cysteine feedback inhibition of SAT 
as well (Saito, 2000). This mechanism would act 
downstream of sulfide and OAS, while the sens-
ing mechanism serves as a trigger for upstream 
regulation.
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Summary

The sulfur-containing amino acid methionine is a nutritionally important essential amino acid and the 
precursor of several metabolites that regulate plant growth and responses to the environment. New 
genetic and molecular data suggest that methionine synthesis and catabolism are coordinately regulated 
by novel post-transcriptional and post-translational mechanisms. This review focuses on new features 
reported for the molecular and biochemical aspects of methionine biosynthesis in higher plants with 
special emphasis on a comparison of the methionine biosynthetic pathway of plants with pathways of 
phototrophic  bacteria (cyanobacteria). Particularly, the impact of the compartmentalization of methio-
nine biosynthesis will be addressed with respect to regulatory aspects.

* Corresponding author, Tel.: +49 331 5678247, Fax: +49 331 567898247, E-mail: hesse@mpimp-golm.mpg.de

I. Introduction

Studying the regulation of methionine (Met) home-
ostasis is crucial for our understanding of physio-
logical and biochemical processes in organisms. As 
organisms are exposed to environmental changes 
they have developed response mechanisms to keep 
metabolites in equilibrium. The process, termed 
adaptation, reflects the molecular/genetic and bio-
chemical plasticity of a system. Compared to plants 

cyanobacteria are one of the oldest groups of pho-
toautotrophic organisms on Earth (Schopf, 2000). 
They have colonized almost every available niche 
for the last 3.5 billion years, demonstrating an out-
standing ability for adaptation to extremely differ-
ent habitats and play a dominant role in the global 
nitrogen and carbon cycles. Thus, it was even not 
surprising to discover abundant cyanobacteria 
(Johnson and Sieburth, 1979) such as Synechococ-
cus (Waterbury et al., 1979) and Prochlorococcus 

Rüdiger Hell et al. (eds.), Sulfur Metabolism in Phototrophic Organisms, 93–110. 93
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(Chisholm et al., 1988) thriving in environments 
with a very poor nutrient supply, such as the vast 
intertropical gyres of the oceans (Capone, 2000; 
Karl, 2002; Zehr and Ward, 2002; Delong and 
Karl, 2005), which were previously considered 
to be almost empty of living cells. However, their 
ecological importance was truly unexpected, since 
it is currently accepted that about half of the global 
primary production occurs in the oceans (Whitman 
et al., 1998) and that marine cyanobacteria contrib-
ute two-thirds of it (Goericke and Welschmeyer, 
1993; Liu et al., 1997). Their metabolism is based 
on oxygenic photosynthesis, similar to that of 
eukaryotic algae and plants actually being related 
to the precursor of plant chloroplasts according to 
the endosymbiont theory. This process provides 
ATP and reducing equivalents from the splitting of 
water, which enables the bacteria to assimilate sim-
ple inorganic nutrients for their anabolic demands. 
Since the discovery of, e.g., Prochlorococcus in 
1988 (Chisholm et al., 1988), its major impor-
tance in the ecology of the oceans has become 
evident, leading to a large number of genetic stud-
ies resulting in sequencing of the genomes of five 
representative Prochlorococcus ecotypes, MED4, 
MIT9313, MIT9312, and NATL2A (http://img.jgi.
doe.gov/cgi-bin/pub/main.cgi) and SS120 (http://
www.sb-roscoff.fr/Phyto/ProSS120/), making 
Prochlorococcus one of the most-studied microor-
ganisms from a genomic point of view (Dufresne et 
al., 2001; Rocap et al., 2003). However, since 2003 
the genome of Synechococ cus is also sequenced 
(Palenik et al., 2003). The Kazusa Institute in Japan 
publicly provides sequence information of sev-
eral cyanobacteria (www.kazusa.or.jp/cyano/). The 
striking ecological success of cyanobacteria has 

been the subject of many studies, focused on some 
of the most intriguing abilities of this organism to 
cope with the natural gradients of different param-
eters occurring along the water column, includ-
ing light irradiance, which decreases almost four 
orders of magnitude from the ocean surface to the 
end of the euphotic zone. Due to their abundance 
and high metabolic activities, microorganisms 
may deplete the environment of essential nutrients. 
A prominent example of an environmental effect 
caused by the metabolic activity of cyanobacteria 
is the depletion of carbon dioxide from the atmos-
phere during the course of evolution, and the con-
comitant accumulation of the ‘waste product’ of 
photosynthesis, oxygen. Deprivation of essential 
nutrients is frequently the limiting factor in cyano-
bacterial cell growth, and the need to adapt to 
periods of nutrient limitation is a major source of 
selective pressure in diverse natural environments. 
Research in the past decade has led to fundamen-
tal new insights into the molecular mechanisms of 
these responses. Classically, acclimation responses 
to nutrient limitation are grouped into specific 
and general, or common, responses. The specific 
responses are the acclimation processes that occur 
as a result of limitation for a particular nutrient, 
whereas the general responses occur under any 
starvation condition. Cyanobacterial acclimation 
to limitation of the macronutrients phosphorus and 
nitrogen was studied in the past and summarized 
by Schwarz and Forchhammer (2005). As outlined 
by the authors little substantial progress has been 
made in understanding the molecular mechanisms 
underlying responses to sulfur limitation. This also 
applies to approaches investigating Met biosynthe-
sis in cyanobacteria.

Met is an essential cellular constituent, an initia-
tor of protein synthesis and a key player in many 
metabolic activities. Furthermore, Met is the pre-
cursor of SAM—S-adenosylmethionine—that is 
involved in many methylation reactions such as 
DNA and phospholipid methylation and synthe-
sis of cyclopropane fatty acids. SAM also donates 
aminopropyl groups to diamines in the synthesis 
of polyamines such as spermidine, which neutral-
ize the negative charge of nucleic acids in the cells 
(for reviews see Chiang et al., 1996; Fontecave 
et al., 2004), is precursor of the vitamin biotin, as 
well as to synthesize the ‘aging’ hormone ethylene 
responsible for fruit ripening. Furthermore, in algae 
and some bacteria Met is a source of atmospheric 
sulfur: dimethylsulphide (Amir et al., 2002; see 
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CBL – cystathionine beta-lyase; CBS – cystathionine b-syn-
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also Chapters 14, 16 and 22, this issue). A deriva-
tive of Met, S-methylmethionine (SMM), is used 
as a major transport molecule for reduced sulfur 
in some plant species, connecting sink and source 
organs (Bourgis et al., 1999). Furthermore, Met 
is an essential amino acid required in the diet of 
non-ruminant animals. Human and monogastric 
mammals can synthesize only half of the 20 major 
proteinogenic amino acids and, therefore, must 
obtain the others from their diets. Major crops, such 
as cereals (e.g., corn, rice, wheat, etc.) and legumes, 
are low in Met (Tabe and Higgins, 1998; Hesse 
et al., 2001; Galili et al., 2005). Improved nutritional 
quality may help to solve problems encountered in 
cases where plant foods are the major or sole source 
of protein, such as in many developing countries, as 
well as plant feeds for livestock which are subse-
quently used as human food.

Recent findings indicate that Met intermedi-
ates such as homoserine has yet another impor-
tant physiological role in microorganisms—it is 
involved in the synthesis of N-acyl homoserine 
lactone autoinducer molecules, which constitute 
quorum-sensing signals and act as cell density-
dependent regulators of gene expression (Han-
zelka and Greenberg, 1996; Val and Cronan, 
1998; Yang et al., 2005). As a process, Met bio-
synthesis is widely distributed among the three 
domains of life (bacteria, archaea and eukarya) 
and could predate their divergence. However, the 
constituent steps in the pathway, the enzymes cat-
alyzing these steps and the genes encoding these 
enzymes are not the same among all organisms 
and there is significant evolutionary plasticity at 
each of these levels. In plants and microorgan-
isms Met is in general synthesized through three 
consecutive reactions catalyzed by cystathionine 
γ-synthase (CGS), cystathionine β-lyase (CBL), 
and Met synthase (MS) (Fig. 1). Met receives 
its carbon skeleton from the aspartate-family 
pathway, while its sulfur moiety is derived from 
cysteine (Cys). Eventually about 20% of the Met 
in plants at least is incorporated into proteins 
while 80% are converted to S-adenosylmethio-
nine (SAM) which thus comprises the actual end 
product of this biosynthetic pathway as free Met 
does only occur in marginal concentrations in 
plants (Giovanelli et al., 1985). This fact indicates 
the high consumption of Met in different cellu-
lar processes. Furthermore, organisms evolved a 
Met salvage pathway to recover Met without de 
novo synthesis of the respective precursors. In 

plants, CGS, localized in chloroplasts, catalyses 
the formation of the thioether cystathionine from 
the substrates Cys and O- phosphohomoserine 
(OPHS) thus, connecting the aspartate-derived 
pathway to sulfur assimilation. In yeast, 
Met is synthesized by direct sulfhydration of 
O- acetylhomoserine and in bacteria in a different 
pathway with succinylhomoserine as substrate. 
It has thus to be emphasized that in microorganisms 
homoserine is the branch point intermediate 
leading to the synthesis of Met and threonine 
(Thr), whereas in plants OPHS is the last com-
mon intermediate. This difference of the branch 
point of the Met and Thr biosynthetic pathway 
in plants asks for an effective regulation of the 
respective enzymatic activities. Cyanobacterial 
orthologs of plant genes have been identified 
from the Genome Database for Cyanobacteria. 
Among the listed mutants defective in different 
pathways none of them is auxotrophic for Met. 
Genes for the biosynthetic as well as for the 
 salvage pathway can be identified in this data-
base. However, depending on the organism dif-
ferences in gene annotation are evident and lined 
out in Gophna et al. (2005). The false annotation 
has severe consequences for predicting pathways 
enzymes. As long as the biochemical properties of 

Fig. 1. Met focused biosynthetic pathway of amino acids of 
the aspartate family in plants. CGS, cystathionine γ-synthase; 
CBL, cystathionine β-lyase; MS, Met synthase; SAMS, 
S-AdoMet synthethase. Dashed arrows indicate multiple 
steps in lysine and isoleucine formation. Corresponding genes 
in E. coli are given in conventional nomenclature (met…).
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the enzymes are not studied, regulatory aspects 
are difficult to judge. So far one has to assume 
that due to the relation to bacteria kinetics and 
regulation are similar (Fig. 1).

It has to be mentioned that several organisms 
such as yeast or cyanobacteria evolved shunt 
pathways in which the reduced S-moiety of Cys 
is directly incorporated to form homocysteine 
(HCys) via HCys synthase (HS) (Fig. 2). HS is a 
more general term encompassing two individual 
enzyme activities, O-acetyl homoserine sulfhy-
drylase and O-succinyl homoserine sulfhydry-
lase, starting from succinyl or acetyl homoserine 
as precursors, respectively (Gophna et al., 2005). 
However, for plants such an ortholog has not been 
identified. It is reported that CGS possesses such 
a side activity (Hesse et al., 2004).

II. Biosynthesis of Methionine 
 Precursors via Alternate Pathways

Intermediates in the synthesis of Met from its 
precursor homoserine, also a precursor to Thr 
synthesis, are shown in Fig. 2. There are alter-
nate reactions at each step of the pathway, but the 
intermediates appear to be conserved for Met syn-
thesis. The first step, homoserine activation, can 
occur in three ways: the first is acetylation, which 
is catalyzed by homoserine trans-acetylase (HTA) 
using acetyl-CoA as a substrate. This reaction is 
carried out by many bacteria such as Leptospira 

meyeri (Bourhy et al., 1997) or Corynebacte-
rium glutamicum (Park et al., 1998) and fungi 
such as Saccharomyces cerevisiae (Yamagata, 
1987) or Neurospora crassa (Kerr and Flavin, 
1970) or cyanobacteria. Orthologs of the met2 
gene (in analogy to the yeast gene) can be identi-
fied for the cyanobacterial strains Chlorobium 
tepidum TLS, strains of Prochlorococcus mari-
nus MED4, SS120, and MIT9313, Synechoc-
occus sp. WH8102, and Rhodospeudomonas 
palustris CGA009. The second is succinylation, 
which is catalyzed by homoserine trans-succiny-
lase (HTS) utilizing succinyl-CoA as a substrate. 
This activity is known in some bacteria such as 
Escherichia coli (Rowbury and Woods, 1964) or 
Pseudomonas aeruginosa (Foglino et al., 1995). 
Here again orthologs for this gene can be identi-
fied in the genomes of Prochlorococcus marinus 
MED4, SS120, and MIT9313, and Rhodospeu-
domonas palustris CGA009. The third alterna-
tive reaction is phosphorylation, catalyzed by 
homoserine kinase (HSK). HSK catalyzes the 
formation of OPHS from homoserine and is con-
verted in plants in a competing reaction by either 
CgS or Thr synthase (TS) either by condensation 
of Cys and OPHS to cystathionine being further 
converted to Met or directly to Thr (Thr) by TS. 
Bacteria use OPHS exclusively as precursor for 
Thr synthesis (Kredich, 1996). In plants HSK is 
much better characterized than in cyanobacteria. 
However, due to its low abundance it was not 
investigated in great detail in the past. The native 

Fig. 2. The biochemical pathway of Met synthesis. Schematic presentation compares mechanistic differences in the synthesis 
of HCys in plants, bacteria, and fungi. HTA, homoserine trans-acetylase; HSK, homoserine kinase; HTS, homoserine trans-
succinylase; CGS, cystathionine γ-synthase; CBL, cystathionine β-lyase; OAHS, O-acetyl homoserine sulfhydrylase (in fungi 
metY); OSHS, O-succinyl homoserine sulfhydrylase (in bacteria metZ); CDMS, cobalamin-dependent Met synthase (metH); 
CIMS, cobalamin-independent Met synthase (metE); CBS, cystathionine β-synthase; CGL, cystathionine γ-lyase. A, homoserine 
activation, B, sulfur incorporation, C, methylation. Dashed lines indicate alternative pathways for direct HCys formation.



Chapter 5 Metabolism of Methionine 97

enzyme from wheat was purified to homogeneity 
and characterized (Riesmeier et al., 1993). The 
regulation of the enzyme is variable. Wheat HSK 
is not inhibited by physiological concentrations 
of Thr, Met, valine, isoleucine, or SAM (Riesmeier 
et al., 1993) while older studies revealed that 
HSK, both from pea and radish, is allosterically 
inhibited by these amino acids (Thoen et al., 
1978; Baum et al., 1983). Greenberg et al. (1988) 
isolated soybean cell lines with repressed HSK 
activity resulting in Met accumulation. HSK is 
localized in plastids of pea probably containing 
soluble and membrane-associated HSK activi-
ties (Muhitch and Wilson, 1983; Wallsgrove 
et al., 1983). The localization was supported by 
the isolation of HSK in Arabidopsis. A single gene 
locus was identified and the predicted enzyme 
was localized in plastids with a mature mass of 
33 kD. The recombinant protein was character-
ized biochemically to be dependent on Mg2+ and 
K + ions (Lee and Leustek, 1999). The respec-
tive orthologs can be identified for Synechocystis 
sp. PCC6803, Anabaena sp. PCC7120, Ther-
mosynechococcus elongates BP-1, Gloeobacter 
violaceus PCC7421, Chlorobium tepidum TLS, 
strains of Prochlorococcus marinus MED4, SS120, 
and MIT9313, Synechococcus sp. WH8102, and 
Rhodospeudomonas palustris CGA009.

Although the cognate activities HTA, HSK and 
HTS in general correspond to one of each of these 
protein families, evidence from in vitro experi-
ments suggests that membership in a protein fam-
ily does not unerringly predict substrate specificity. 
For example, P. aeruginosa, an HTS as defined 
by its activity in vitro is evolutionarily related to 
the HTA protein found in Haemophilus influen-
zae and not to the E. coli enzyme HTS (Foglino 
et al., 1995). Similarly, Bacillus subtilis which is 
known to possess homoserine transacetylase activ-
ity (Brush and Paulus, 1971) is homologous to the 
E. coli HTS (Rodionov et al., 2004). Thus, it is 
not a priori predictable to which group the respec-
tive orthologs from cyanobacteria belong because 
the sequence homology between both types of 
transacetylases is relatively high. For example, the 
annotation predictions of enzymes for Rhodospeu-
domonas palustris CGA009 suggest both, an HTS 
and an HTA function. This has to be proofed in 
future by biochemical investigations.

Incorporation of sulfur, the second step of the 
Met pathway, may also proceed in one of three 

ways (Fig. 2). Direct incorporation of sulfide 
(sulfhydrylation) into O-acetyl homoserine by 
O-acetyl homoserine sulfhydrylase (OAHS) to 
form HCys is found in several bacteria, fungi, 
and cyanobacteria (Kerr, 1971; Hwang et al., 
2002; CyanoBase). HCys can also be synthesized 
by a second sulfhydrylation alternative, involving 
the direct incorporation of sulfide into a different 
substrate, O-succinyl homoserine, by O-succinyl 
homoserine sulfhydrylase (OSHS). This activity 
is found in some bacteria such as Pseudomonas 
species and cyanobacteria (Foglino et al., 1995; 
Vermeij and Kertesz, 1999; CyanoBase). Contra-
dictory is the fact that cyanobacteria expressing 
HTS contain also a gene encoding OAHS indicat-
ing a still not complete and correct annotation of 
the genome.

III. Transsulfuration Process to Form 
Homocysteine

The transfer of the sulfur atom from Cys to HCys 
through the transsulfuration pathway with cys-
tathionine as intermediate occurs only in plant 
plastids and has been extensively studied in 
Arabidopsis (Hesse et al., 2004 and references 
therein). The first committed step of de novo 
Met synthesis is a transsulfuration process via 
a γ-replacement reaction using Cys as the sul-
fur donor and O-phosphohomoserine as carbon 
precursor (Figs. 1 and 2). The formation of the 
thioether cystathionine is catalyzed by cystath-
ionine γ-synthase (CGS) transferring reduced 
sulfur to a carbon backbone followed by a 
β-elimination carried out by cystathionine β-lyase 
(CBL) yielding HCys (Hesse and Höfgen, 2003; 
Hesse et al., 2004). The carbon/nitrogen precur-
sor of Met synthesis in plants is distinct from that 
in yeast and bacteria. In yeast, Met is synthesized 
by direct sulfydration of O-acetylhomoserine; in 
bacteria, it is through a different pathway with 
succinyl-homoserine as substrate. In addition, 
the mature plant CGS exhibits at its N-terminus 
an additional module of about 120 amino-acids. 
This particular extension plays a role in its regu-
lation (see section Regulation; Onouchi et al., 
2004). Biochemical and kinetic parameters for 
CGS from diverse sources were extensively ana-
lyzed (Hesse et al., 2004 and references therein). 
The structure, substrate specificity and ping-pong 
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mechanism was recently confirmed through the 
resolution and analysis of the Nicotiana tabac-
cum CGS (Steegborn et al., 1999). Physiochemi-
cal properties of the second enzyme of the 
transsulfuration pathway (CBL) were relatively 
similar to those of Escherichia coli (Ravanel 
et al., 1996, 1998). Interestingly, while the bacte-
rial enzyme degrades cystine and cystathionine 
equally, the reaction with cystine accounted for 
only 16% with the plant enzyme (Ravanel et al., 
1996). Such observations  suggest major differ-
ences in the amino acids close to the pyridoxal 
phosphate binding site between the bacterial and 
plant CBL, as confirmed through resolved struc-
tures from both sources (Clausen et al., 1996; 
Breitinger et al., 2001). The degree of homology 
CGS is also evident for cyanobacteria as in the 
genomes of the Prochlorococcus marinus strains 
MED4, SS120, and MIT9313, and the Synechoc-
occus strain sp. WH8102 genes encoding CGS 
can be identified. However, due to rather high 
homology between CGS and CBL it is not possi-
ble to differentiate between both enzymes with-
out having proofed their biochemical properties. 
Moreover, for Anabaena sp. PCC7120, Chlo-
robium tepidum TLS, and Rhodospeudomonas 
palustris CGA009 genes encoding the respective 
yeast enzymes such as cystathionine β-synthase 
and cystathionine γ-lyase are present. Here again 
it is a matter of annotation of these particular 
genes. All the enzymes for sulfur assimilation 
described above as well as the reverse transsul-
furation enzyme cystathionine γ-lyase (CGL) 
belong to the same evolutionary family (hence-
forth the CGS family) and sequence alone may 
not reliably predict enzymatic activity. It can be 
assumed that some organisms having an active 
copy of each CGS, CBL and HS (Hwang et al., 
2002; Ruckert et al., 2003), in cases where an 
organism has both direct incorporation and 
transsulfuration capacities, the same enzyme can 
carry out both activities (CGS as well as HS) 
(Vermeij and Kertesz, 1999; Auger et al., 2002; 
Hacham et al., 2003). Furthermore, substrate 
flexibility has also been demonstrated for some 
of these enzymes—so that a plant enzyme for 
example, which naturally metabolizes homoser-
ine- phosphate, can also use acetyl-homoserine 
and succinyl-homoserine to form HCys directly 
(Thompson et al., 1982a; Kreft et al., 1994; 
Ravanel et al., 1995, 1998; Hacham et al., 2003). 

However, this alternative pathway seems to have 
only a minor physiological significance in plant 
cell metabolism regarding the entry of reduced 
sulfur into Met biosynthesis because HCys for-
mation only takes place in the absence of Cys, 
and secondly, this direct sulfydration pathway 
participates in only 3% of total HCys synthesis 
and has seemingly no physiological significance 
(Giovanelli et al., 1978; MacNicol et al., 1981; 
Thompson et al., 1982a, b).

IV. Formation of Methionine by 
 Transmethylation

The last step of Met synthesis is catalyzed by 
Met synthase (MS), which methylates HCys to 
form Met using N5-methyltetrahydrofolate as a 
methylgroup donor (Fig. 2). The function of this 
enzyme is on the one hand the de novo synthesis 
of Met and on the other the regeneration of the 
methyl group of S-adenosylmethionine. Thus, 
this step is essential even in organisms that do not 
synthesize Met, for the regeneration of the methyl 
group of SAM (Ravanel et al., 1998; Eckermann 
et al., 2000; Droux, 2004; Hesse et al., 2004). 
Using 5-methyltetrahydropteroyl glutamates 
as substrates, methylation of HCys can occur 
using two non-homologous enzymes: the cobala-
min-dependent Met synthase (CDMS) in mam-
mals, protists and most bacteria (Krungkrai et al., 
1989; Goulding and Matthews, 1997; Evans 
et al., 2004) or the cobalamin-independent Met 
synthase (CIMS) as found in Bacteria including 
cyanobacteria (Whitfield et al., 1970; Cyano-
base), Viridiplantae (Eichel et al., 1995; Zeh 
et al., 2002) and fungi (Kacprzak et al., 2003). 
Orthologs of CDMS have not been identified so 
far in cyanobacteria. However, it can be assumed 
that metE orthologs are present in cyanobacte-
rial genomes. Since it is known from a survey 
of 326 algal species that approximately half of 
them require exogenous vitamin B

12
 because they 

are cobalamin auxotrophs it has to be assumed 
that the source of cobalamin seems to be bac-
teria, indicating an important and unsuspected 
symbiosis (Croft et al., 2005). Thus, it can be 
assumed that cyanobacteria have the capabil-
ity to synthesize cobalamin as bacteria have. So 
far, the molecular and biochemical characteriza-
tion of Met synthase from plants is still limited. 
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One reason for this is the low amount of protein 
present in plants and another is the substrate 
specificity of the enzyme. While bacteria are 
able to use monoglutameric methyltetrahydro-
folate, Catharanthus roseus (Eichel et al., 1995) 
accepts only the triglutameric isoform that is not 
freely available. Neither SAM nor cobalamin is 
required for activity of the cobalamin-independ-
ent Met synthase as demonstrated for MS from 
C. roseus and S. tuberosum (Eckermann et al., 
2000; Zeh et al., 2002). Intensive studies on MS 
expression revealed that MS is a low copy gene 
 differentially expressed, at least in potato organs, 
with elevated levels in flowers, basal levels in 
sink and source leaves, roots, and stolons, and 
low levels in stems and tubers. This is in good 
agreement with protein data except that the pro-
tein content in leaves was less than expected from 
the RNA data. Western blot analysis of subcellu-
lar fractions revealed that the protein is located 
in the cytosol. However, the changing pattern 
of gene expression during the day/night period 
implied a light-dependent control of MS-tran-
scription normally seen for enzymes localized in 
plastids. The expression of MS was shown to be 
light-inducible with its highest expression at mid-
day, while, during the night, expression dropped 
to a low, basal mRNA level. These RNA data 
were not confirmed at the protein level since the 
protein content remained constant over the whole 
day. Feeding experiments using detached leaves 
revealed that sucrose or sucrose-derived prod-
ucts are responsible for the induction of StMS1 
gene expression, but with no effect on the protein 
level in C. roseus and S. tuberosum (Eckermann 
et al., 2000; Nikiforova et al., 2002; Zeh et al., 
2002). Multiple forms of MS could be identi-
fied in plants, and in the genome of A. thaliana 
(Eckermann et al., 2000; Droux, 2004; Hesse 
et al., 2004; Ravanel et al., 2004). Physico-
biochemical investigations were performed to 
answer the localization of the final synthesizing 
step. Three Arabidopsis thaliana Met synthase 
(MS) were identified from which two are cytoso-
lically and one plastidial localized (Ravanel 
et al., 2004). It could be further shown that the 
plastid isoform exhibited a stronger affinity for 
the polyglutamate derivatives of folates than the 
cytosolic isoforms being probably the reason 
not having detected the plastidial activity earlier 
(Ravanel et al., 2004). The plastid localization of 

MS corroborated earlier observations based on 
enzyme measurements having been made in pea 
chloroplasts and mitochondria suggesting that 
the plastidial de novo synthesis of Met is favored 
indicating the autonomy of the compartment 
(Shah and Cossins, 1970; Clandinin and Cossins, 
1974). By contrast, the photosynthetic proto-
zoan E. gracilis Z. expresses three isoforms of 
cobalamin-dependent enzymes located in chloro-
plasts, mitochondria, and cytosol in addition to 
a cytosolic cobalamin-independent Met synthase 
(Isegawa et al., 1994).

V. Methionine Recycling

Met is a sulfur-containing amino acid that can be 
activated by ATP to S-adenosyl-Met (SAM). Radi-
otracer experiments indicate that more than 80% of 
the label from 14C-methyllabeled Met was incorpo-
rated into lipids, pectines, chlorophyll, and nucleic 
acids, whereas less than 20% in protein (Giovanelli 
et al., 1985). Thus, apparently the majority of Met 
is converted into SAM for transmethylation reac-
tions in plants (Fig. 3). SAM is synthesized from 
Met and ATP by the enzyme SAM synthetase from 
which three isoforms exists in plants (Shen et al., 
2002). SAM serves as a substrate in many bio-
chemical reactions. The high need for SAM makes 
it necessary to recycle Met. When SAM is utilized 
for the synthesis of ethylene, certain polyamines, 
and siderophores, methylthioadenosine (MTA) is 
produced as an intermediate which can be recycled 
to Met and allows high rates of the before mentioned 
metabolites (Bürstenbinder et al., 2007). This Met 
salvage pathway was first characterized and was 
described in plants at the biochemical level and is 
termed according to the discoverer Yang or MTR 
cycle (Wang et al., 1982; Yang and Hoffman, 1984; 
Miyazaki and Yang, 1987). However, this circuit 
is not unique for plants and was identified also in 
bacteria, including cyanobacteria, and animals. 
Although the major progress in detailing enzyme 
characteristics and in identifying their correspond-
ing genes has come from work on prokaryotes 
(Sufrin et al., 1995; Cornell et al., 1996; Sekowska 
et al., 2001; Sekowska and Danchin, 2002), the 
plant field gain on more and more information 
(e.g., Sauter et al., 2004, 2005; Bürstenbinder 
et al., 2007). In bacteria and in plants, MTA is 
depurinated to 5-methylthioribose (MTR) through 
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the enzymatic activity of MTA nucleosidase. MTR 
kinase catalyzes the subsequent phosphoryla-
tion of the C-1 hydroxyl group of the Rib moiety 
of MTR to yield 5-methylthio- Rib-1-P. In ani-
mals, MTA phosphorylase carries out both func-
tions in a single ATP-independent step (Schlenk, 
1983). Hence, MTR kinase exists in prokaryotes 
and plant species but not in animals. 5-Methyl-
thio- Rib-1-P subsequently undergoes enzymatic 
isomerization, dehydration, and oxidative decar-
boxylation to 2-keto-4-methylthiobutyrate, the 
immediate precursor of Met (Miyazaki and Yang, 
1987). The second  possibility to recover Met is 
the recycling of HCys resulting from hydrolysis 
of S-adenosylhomocysteine (AdoHCys), pro-
duced from cytosolic SAM-dependent methyla-
tion (Kloor and Osswald, 2004). It should be noted 
that AdoHCys is a strong inhibitor of methylation 
steps and, thus, needs to be quickly transformed 
into HCys and eventually Met again. Furthermore, 
accumulation of the hydrolytic product (HCys) of 
the reaction catalyzed by SAH hydrolase is revers-
ible (Kloor et al., 1998; Kloor and Osswald, 2004). 
Thus, HCys will be eliminated through degrada-
tion, transport to other compartments, or through 
direct conversion into Met, the later step being cat-
alyzed by the cytosolic Met synthase (Ravanel et 
al., 1998, 2004). Furthermore, Met is converted to 

S-methylmethionine (SMM) which appears to be 
a phloem localized transport form of reduced S in 
plants, as is GSH (Ranocha et al., 2001; Kocsis et al., 
2003). The SMM to GSH ratio varies between dif-
ferent plants. SMM is synthesized from Met and 
SAM by SAM:Met S-methyltransferase releasing 
S-adenosylhomocysteine (MMT). SMM can be 
reconverted to Met by HCys S-methyltransferase 
(HMT) methylating HCys yielding two molecules 
of Met. Essentially this appears to be a shortcut of 
the SAM methylation cycle and currently it is spec-
ulated that its main function is the down regulation 
of SAM levels in plants. However, as SMM is also 
transported in the phloem it might well contribute 
to reduced sulfur supply to sinks. Furthermore, this 
mechanism presents a second system to remove 
the excess of HCys produced in the cytosol when 
folate derivatives are insufficient for Met synthe-
sis. SMM is present in millimolar concentration in 
plants and constituted storage for sulfur and methyl 
groups, as well a system to maintain the cell SAM 
level constant as was demonstrated in mutant 
plants with inactivated Met S-methyltransferase 
(Kocsis et al., 2003). The above mentioned proc-
ess has not been investigated in detail for cyano-
bacteria. Analysis of the genome of cyanobacteria 
revealed that most of the genes are present leading 
to the assumption that the processes as described 

Fig. 3. Met salvage pathway in plants and microorganisms. Met, methionine; MMT, Met S-methyltransferase; HMT, HCys 
S-methyltransferase; SRH, S-ribosylhomocysteine; MTA, methylthioadenosine; MTR, 5′-methylthioribose; MTR1P, 5′-methyl-
thioribose 1-phosphate; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; SMM, S-methylmethionine.
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above for microorganisms are also functional in 
cyanobacteria. The major difficulty as already 
discussed above is the weakness of annotation of 
open reading frames. SAM synthetase is present in 
nearly all cyanobacteria indicating, that the initial 
step, the formation of SAM, is performed. How-
ever, somewhat problematic is the classification 
of genes encoding enzymes of the Yang cycle or 
of the HCys recycling pathway. Only few genes 
of the cycle are annotated, however, providing 
evidence that both recycling pathways are exist-
ent. It is also not evident whether cyanobacteria, 
although living partially in sea water, are able to 
form dimethylsulfiopropionic acid (DMSP) which 
derives from SMM as the respective genes were 
not identified so far. DMSP is an excellent com-
patible solute widely used for osmoprotection in 
bacteria and algae and for cryoprotection in algae 
(Kiene et al., 1996; Malin and Kirst, 1997; Stefels, 
2000; Welsh, 2000; see also Chapters 14 and 22, 
this issue).

VI. Regulatory Aspects of Methionine 
Homeostasis

The synthesis of Met is subject to a complex 
regulation (Fig. 4). The whole pathway is regu-
lated by feedback inhibition of aspartate kinase 
by either lysine or Thr or additionally lysine 
synergistically together with S-adenosylmethio-
nine (SAM). Earlier studies have shown that 
the provision of the carbon backbone, e.g., by 
over-expression of aspartate kinase increased 
the synthesis of lysine and Thr leading to the 
assumption that amino acid pools are filled 
in a controlled order (Galili, 1995; Hesse and 
Hoefgen, 2003; Hesse et al., 2004; Galili et al., 
2005). This result suggests that the carbon flux 
is limiting the synthesis of Met. Insights into the 
regulation of the Met network were achieved 
with a variety of transgenic approaches tar-
geted at the various steps of the transsulfuration 
pathway, including the cytosolic Met synthase, 

Fig. 4. Schematic diagram of the metabolic networks regulating Lysine, Thr and Met metabolism. Only some of the enzymes 
and metabolites are specified. Dashed arrows with a ‘minus’ symbol represent either feedback inhibition loops or repression of 
gene expression. The dashed and dotted arrow with the ‘plus’ symbol represents the stimulation of gene expression or enzyme 
activity. Abbreviations: AK, aspartate kinase (sensitivity to metabolites are indicated); HSK, homoserine kinase; TS, threonine 
synthase; CGS, cystathionine γ-synthase; CBL, cystathionine β-lyase; MS, Met synthase; SAM, S-adenosyl Met. Dashed lines 
indicate multiple enzymatic steps.
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and also the enzymes synthesizing or compet-
ing for the O-phosphohomo- serine substrate, 
HSK and TS, respectively (Hesse and Hoefgen, 
2003; Droux, 2004; Hesse et al., 2004; Lee et al., 
2005; Rinder et al., 2007). Conclusion of theses 
studies revealed that in Arabidopsis CGS was 
the unique enzyme controlling the flux of sul-
fur and of the carbon–nitrogen backbone toward 
Met synthesis either at the level of CgS on RNA 
level (CgS in Arabidopsis; Chiba et al., 1999) 
or TS activity level by SAM (TS in Arabidopsis 
and potato; Curien et al., 1996, 1998; Zeh et al., 
2001) depending on the plant species (Hesse and 
Hoefgen, 2003; Hesse et al., 2004). TS activity is 
positively regulated by SAM, a direct product of 
Met, thus favoring carbon flow into Thr biosyn-
thesis in preference to Met synthesis when suf-
ficient SAM is available. Under these conditions 
the K

M
-values of TS for OPHS have been shown 

to be 250- to 500-fold lower as compared to the 
competing enzyme, CgS, thus favoring carbon 
flow into Thr biosynthesis in preference to Met 
synthesis (Madison and Thompson, 1976; Curien 
et al., 1996, 1998; Laber et al., 1999). A long 
standing question was answered recently how 
SAM is able to activate TS. Now, there is evidence 
for a counter-exchange transporter of AdoHCys 
from the plastid to the cytosol with cytosolic syn-
thesized SAM (Ravanel et al., 2004) and SAM 
transporter (Bouvier et al., 2006) However, it is 
questionable whether a complete shut down of 
Met synthesis is reached. The demand of SAM 
for several processes has to be assumed to be high 
indicating that most of the synthesized SAM is 
used. Only a small part is available to be trans-
located into chloroplasts in order to activate TS. 
Thus, it can be assumed that carbon provided by 
aspartate via OPHS is preferentially used to form 
Met subsequently used for SAM synthesis because 
in a non-activated condition the K

M
 value for the 

substrate is lower compared to TS. Feeding stud-
ies with 13CO

2
 revealed that the carbon flux is pri-

orly directed to Met (and, hence, SAM) formation 
within this pathway and even when compared to 
other pathways, while lysine and Thr/isoleucine 
pools provide minor sinks (Hesse, Schauer, Hoef-
gen, Fernie, unpublished; Fig. 5). From this point 
of view CGS is the most important enzyme for 
Met synthesis. As demonstrated by feeding stud-
ies, CgS is not an allosteric enzyme since enzyme 
activity is not inhibited by Met (Thompson et al., 

1982b). Mutants and transgenic plants have been 
used to display the central role of CgS in the syn-
thesis of Met in Arabidopsis. Most extensive 
developments on the molecular regulation of the 
Met network were investigated by characteriza-
tion of Arabidopsis thaliana mutant lines resist-
ant to the toxic analogue of Met, ethionine. These 
mutant lines called mto1(1–7) were characterized 
by elevated levels of CGS mRNA and of CGS 
activity as compared to wild type (Onouchi et al., 
2004) (Fig. 6). Genetic analysis described a muta-
tion within the conserved exon1 coding region 
(mto1 region) where a single nucleotide changes 
resulted in one amino acid modification (Chiba et 
al., 1999, 2003; Amir et al., 2002). This important 
motif acts in cis to stabilize the CGS mRNA being 
resistant to degradation (Suzuki et al., 2001; 
Ominato et al., 2002; Onouchi et al., 2004). Trans-
lation of the protein is necessary for the regula-
tion and stability of the mRNA as was confirmed 
by an experiment using the in vitro translation 
system of wheat germ extract (Chiba et al., 2003; 
Lambein et al., 2003). This result is supported by 
the recent finding for tomato fruits during ripening 
showing that Met down-regulates CGS transcript 
levels (Katz et al., 2006). However, this finding 
is inconsistent to the earlier finding for potato 
CgS transcript stability which is not influenced 
by Met (Kreft et al., 2003). Finally, since SAM 
was revealed as the crucial metabolite involved in 
this regulation, suggesting that the Met depend-
ent regulation was the result of its transformation 
into SAM in the cytosol (Onouchi et al., 2004). 
Interestingly, the mto1 domain showed no fea-
tures of known SAM binding domains. From this 
observation, it may be speculated that SAM regu-
lation takes place through a protein intermediate. 
From the recent investigation using wheat germ 
extract, one could conclude that this intermedi-
ate is constitutively expressed (Chiba et al., 2003; 
Kreft et al., 2003; Onouchi et al., 2004). A mech-
anism how SAM might regulate CGS stability is 
suggested by Onouchi et al. (2005). They sug-
gest a temporary arrest in the translation process 
at serine-94 (nucleotide 280 from the first ATG 
of the mRNA) when the SAM level increased 
which strongly correlates between this arrest and 
mRNA degradation (Onouchi et al., 2005). Very 
recently it could be demonstrated that in addition 
to the full-length CGS transcript, a deleted form 
exists in Arabidopsis (Hachem et al., 2006). The 
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deleted transcript of CGS that lacks 90 or 87 nt 
located internally in the regulatory N-terminal 
region of CGS localized adjacent to the mto1 
region maintains the reading frame of the protein 
(Fig. 6). The deleted region is located within the 
first exon of the CGS transcript and is not flanked 
by any known consensus intron/exon boundary 
sequences, suggesting that the shorter transcript 
is not a result of consensus alternative splicing. 

At the transcript level, it is highly enriched for G-
C content (over 70%), suggesting a possible sec-
ondary structure (Fig. 7A). When overexpressed 
in transgenic tobacco plants the transgenic plants 
accumulated Met to a much higher level than 
those that expressed the full-length CGS prob-
ably because this form of CGS is not subject to 
feedback regulation by Met, as reported for the 
full-length transcript (Hachem et al., 2006).

Fig. 5. Schematic presentation of carbon flow and feedback control mechanism in Arabidopsis as model plant. Boxes I–V rep-
resents the dynamic regulation of the pathway via product inhibition. Thickness of the arrows indicates the carbon flow in the 
pathway. Dashed arrows with a ‘minus’ symbol represent either feedback inhibition loops or repression of gene expression. The 
dashed arrow with the ‘plus’ symbol represents the stimulation of gene expression or enzyme activity.

Fig. 6. The Arabidopsis mRNA of CGS is shown schematically. TP, the chloroplast-targeting transit peptide; mto1 domain indi-
cates the region with point mutations; ∆, indicates the deleted region of 87 or 90 bp; catalytic domain, the catalytic part of CGS 
that is highly homologous to bacteria CGSs. Nucleotides are numbered from the ATG initiator codon.
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The regulation of Met biosynthesis in cyanobac-
teria has not been investigated in the past. How-
ever, since the genomes of different  cyanobacteria 
ecotypes are known and for most of the enzymatic 
steps respective genes were identified, one can 
assume that the controlling mechanisms func-
tion nearly identical. Met biosynthesis in E. coli 
has been investigated in details (e.g., for review: 
Kredich, 1996). Two types of control can be iden-
tified in bacteria, the control of gene expression 
and secondly, the metabolite control mechanism. 
For E. coli transcription nearly all the Met genes 
involved in Met biosynthesis, except metH, are 
under negative control of the MetJ repressor. MetJ 
interacts with S-adenosylmethionine, the path-
way’s end product, as a corepressor (Saint-Girons 
et al., 1988). Expression of the metE, metA, metF, 
metH, and glyA genes is additionally under positive 
control of the MetR activator (Maxon et al., 1989; 
Urbanowski and Stauffer, 1989; Weissbach and 
Brot, 1991; Mares et al., 1992; Cowan et al., 1993; 
Lorenz and Stauffer, 1996). HCys may modulate 
the regulator role of MetR and is required for the 
metE gene activation (Urbanowski and Stauffer, 
1987). Furthermore, vitamin B

12
 is involved in 

metE repression, probably by depletion of the 
coactivator HCys (Wu et al., 1992). MetR is a 
member of the LysR family of prokaryotic tran-

scriptional regulatory proteins. Common family 
features are the size (between 300 and 350 amino 
acids), the formation of either homodimers or 
homotetramers, the presence of a helix-turn-helix 
DNA binding motif in the N-terminal region, and 
the requirement for a small molecule that acts as 
a co-inducer (Schell, 1993). MetR activates gene 
expression at one or more loci while negatively 
regulating the expression of their own genes. In 
other microorganisms such as Bacillus subtilis, 
Clostridium acetobutylicum, and Staphylococcus 
aureus, several genes involved in the biosynthesis 
of Met are regulated by a global transcription ter-
mination control system called the S box regulon 
(Grundy and Henkin, 1998). The S box belongs 
to a group of regulatory elements, so called ribos-
witches. Riboswitches are RNA elements in the 
5′ untranslated leaders of bacterial mRNAs that 
directly sense the levels of specific metabolites 
with a structurally conserved aptamer domain to 
regulate expression of downstream genes. Ribos-
witches use the untranslated leader in an mRNA 
to form a binding pocket for a metabolite that reg-
ulates expression of that gene. Riboswitches are 
dual function molecules that undergo conforma-
tional changes and that communicate metabolite 
binding typically as either increased transcription 
termination or reduced translation efficiency via 

Fig. 7. Prediction of secondary RNA structure for the 90-nt deleted region from Arabidopsis (A) in comparison to B. subtilis 
(B). The predicted calculated ∆G of this stem-loop structure is −10.27 Kcal mol−1 for Arabidopsis and −15.85 Kcal mol−1 for 
B. subtilis. The prediction was calculated using the software located on the following webpage: www.bioinfo.rpi.edu/applications/
hybrid/quikfold.php.
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an expression platform (Breaker, 2002; Winkler 
and Breaker, 2005). So far identified in B. sub-
tilis are target genes involved in vitamin B1, B2, 
and B12 synthesis and transport via rfn-, thi-, and 
B12-box, respectively, SAM via the S-box, lysine 
via the L-box, and guanine/hypoxanthine via the 
G-box (Nudler and Muronov, 2004). Although 
not investigated in detail for gram-negative bac-
teria S-boxes play a major role in the regulation 
of Cys and Met synthesis in gram-positive bac-
teria such as Bacillus subtilis. The S-box regula-
tory system is used in gram-positive organisms, 
including members of the Bacillus/Clostridium/
Staphylococcus group, to regulate expression of 
genes involved in biosynthesis and transport of 
Met and S-adenosylmethionine (SAM) (Grundy 
and Henkin, 2004; Rodionov et al., 2004) (Fig. 8). 
Genes in the S-box family exhibit a pattern of 
conserved sequence and structural elements in 
the 5′ region of the mRNA, upstream of the start 
of the regulated coding sequence(s). These con-
served elements include an intrinsic terminator 
and a competing antiterminator that can seques-
ter sequences that otherwise form the 5′ portion 
of the terminator helix; residues in the 5′ region 
of the antiterminator can also pair with sequences 
located further upstream, and this pairing results 
in formation of a structure (the anti-antitermina-
tor) that sequesters sequences necessary for for-
mation of the antiterminator. Genetic analyses 
of S-box leader RNAs supported the model that 
formation of the anti-antiterminator and tran-

scription termination occur during growth under 
conditions where Met is abundant, while starva-
tion for Met results in destabilization of the anti-
antiterminator, allowing antiterminator formation 
and read-through of the transcription termination 
site (Grundy and Henkin, 1998). Overexpression 
of SAM synthetase in vivo results in increased 
repression of S-box gene expression, support-
ing the model that SAM is the effector in vivo 
(Auger et al., 2002; McDaniel et al., 2003). These 
results suggested that S-box RNAs directly sense 
SAM and are therefore members of the family of 
RNA elements termed ‘riboswitches,’ which moni-
tor regulatory signals without a requirement for 
accessory factors such as RNA-binding proteins 
or ribosomes (Nudler and Mironov, 2004; Tucker 
and Breaker, 2005). The binding of SAM at the 
regulatory RNA element could be demonstrated 
by co-crystallization of an S-adenosylmethio-
nine-responsive riboswitch from Thermoanaero-
bacter tengcongensis with SAM (Montagne and 
Batey, 2006). Also very recently five novel struc-
tured RNA elements were identified by focus-
ing comparative sequence analysis of intergenic 
regions on genomes of α-proteobacteria (Corbino 
et al., 2005). One of the five newly found motifs 
from Agrobacterium tumefaciens, termed metA, 
appeared to function as a riboswitch that senses 
S-adenosylmethionine (SAM) (Fig. 8). This 
SAM-II riboswitch class has a consensus sequence 
and conserved structure that is distinct from the 
SAM-I riboswitch reported previously (Epshtein 

Fig. 8. Comparison of genes in the Met and SAM biosynthetic pathways found downstream of SAM-I and SAM-II riboswitches 
in gram-negative and positive bacteria.
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et al., 2003). Compared with SAM-I aptamers, 
SAM-II aptamers are smaller and form a sim-
pler secondary structure. However, the SAM-II 
aptamer exhibits a level of molecular discrimina-
tion that is similar to that observed for the SAM-I 
riboswitch. These findings demonstrate that bio-
logical systems use multiple RNA motifs to sense 
the same chemical compound. Further detailed 
analyses have to be done in future to investigate 
this regulatory mechanism in E. coli and broaden 
it to other species such as members of the cyano-
bacterial family. As two SAM riboswitches sys-
tems are identified in bacteria one might argue that 
this mechanism might be ‘RNA World’ relics that 
were selectively retained in certain bacterial line-
ages or new motifs that have emerged since the 
divergence of the major bacterial groups. A third 
regulatory riboswitch was identified very recently 
in lactic acid bacteria (Fuchs et al., 2006). Here 
SAM synthetase (MetK) expression is regulated 
by RNA conformational changes in the 5′UTR 
due to SAM binding subsequently negatively 
regulating SAM synthesis. This brings us back 
to the regulatory mechanism in plants that SAM 
is able to modulate transcript stability. Perhaps, 
although CGS does not contain a so far known 
SAM binding domain, this regulatory mechanism 
might be a conserved relict. Taking into account 
that according to the endosymbiontic theory the 
plastidial targeting developed later than the regu-
latory mechanism via SAM one might speculate 
that the mto1 domain and the adjacent 90 nt might 
have evolved combining both, an open reading 
frame and a control mechanism via SAM (Fig. 7). 
Similarities between RNA stem loop structure of 
CGS from A. thaliana and B. subtilis are not to 
neglect. The evolutionary consequences of this 
finding have to be explored in the future.
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the sulfonation reaction. These enzymes share highly conserved sequence regions across all kingdoms; 
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I. Introduction

Sulfotransferases (SULTs) catalyze the trans-
fer of a sulfuryl group (SO

3
) from the universal 

donor 3′-phosphoadenosine 5′-phosphosulfate 
(see Chapter 3 in this book) to a hydroxyl group 
of various substrates in a process called the sul-
fonation reaction (Fig. 1). There are two classes 
of SULTs; cytosolic and membrane-associated 
SULTs. Cytosolic SULTs sulfonate small organic 
molecules such as steroids, flavonoids, glucosi-
nolates and hydroxyjasmonates, to mention a 
few. Membrane-associated SULTs sulfonate larger 
biomolecules such as complex carbohydrates, pep-
tides and proteins. Figure 2 illustrates the struc-
tural diversity of selected sulfated metabolites 
found in plants.

The modification of metabolites by the addi-
tion of a sulfonate group can have a profound 
influence on their biological properties. Initially, 
the cytosolic SULTs were thought to be prima-
rily involved in detoxification of endogenous and 
exogenous metabolites. They were considered as 
part of the detoxification arsenal, which includes 
hydroxylases and glucuronidases. It is now clear 
that this is not their only function. For example, 

the sulfonation of steroids has been shown to 
be required for the modulation of their biologi-
cal activity (Clarke et al., 1982). The presence 
of the sulfate group on some molecules can also 
be a prerequisite for their biological activity. For 
example, it is well known that in mammals the 
sulfate groups are essential for the molecular inter-
action between heparan sulfate and antithrombin 
III accounting for its anticoagulation property 
(Atha et al., 1985). In another example pertinent 
to human health, the sulfonation of tyrosine resi-
dues on the chemokine receptor CCR5 is a modi-
fication that is required for its biological activity, 
and indirectly for the efficient binding and entry 
of HIV-1 (Farzan et al., 1999).

The roles of sulfated compounds in bacteria 
and plants are less clear. However, in a well-doc-
umented example, the sulfonation of a glycolipid 
secondary messenger was shown to modulate the 
specificity of the interaction between the bacte-
rium Sinorhizobium meliloti and alfalfa (Lerouge 
et al., 1990). S. meliloti mutants lacking the SULT 
responsible for the sulfonation of the glycolipid 
are unable to induce root nodulation in alfalfa 
but gain the ability to colonize the roots of vetch 
(Roche et al., 1991). In this biological system, the 
sulfonation of a single glycolipid is determinant 
for the proper cell to cell communication between 
the bacterium and its natural host plant.

In plants, the sulfonation of brassinosteroids by 
SULTs from Brassica napus was shown to produce 
a sulfated compound lacking biological activity in 
a manner similar to the inactivation of estrogens in 
mammals (Rouleau et al., 1999). The presence of a 

Abbreviations: DSG – desulfoglucosinolate; PAP – 3¢-phos-

phoadenosine-5¢-phosphate; PAPS – 3¢-phosphoadenosine-

5¢-phospho sulfate; PB – 3¢-phosphate binding loop; PLMF1 

– periodic leaf movement factor 1; PSB – 5¢-phosphosulfate 

binding loop; PSK – phytosulfokine; SULT – sulfotrans-

ferase; TPR – tetratricopeptide; TPSULT – tyrosylprotein 

sulfotransferaseI

however, their substrates and physiological function are predicted to be very diverse. In mammals, the 
sulfonation reaction is involved in mechanisms of cellular detoxification and in the modulation of the 
biological activity of steroid hormones and neurotransmitters. In plants, few SULTs have been charac-
terized despite the large number of sequences found in databases. Understanding of their role in plant 
biology is still relatively speculative. Since the cloning of the first plant SULT cDNA more than 10 years 
ago from Flaveria chloraefolia, functional genomic approaches, particularly in Arabidopsis thaliana, 
have led to the characterization of brassinosteroid, hydroxyjasmonate, desulfoglucosinolate and flavo-
noid SULTs. However, these efforts are hindered by a limited knowledge of plant sulfated metabolites. 
A detailed analysis of plant SULT sequences revealed that at present, phylogeny is of limited value to 
predict biochemical function. For instance, A. thaliana desulfoglucosinolate SULTs form a clade with 
the Flaveria flavonol SULTs. Ten of the 17 A. thaliana SULTs belong to a single homogeneous clade, 
suggesting that most of the divergence occurred after the diversification of this plant lineage. We present 
here a detailed overview of the molecular phylogeny, characterization, and biological roles of SULTs in 
plants. We also describe the current state of knowledge of sulfonation in algae, as well as in phototrophic 
bacteria, where the SULT domain can be present in multidomain proteins.



Fig. 1. Enzymatic reaction catalyzed by sulfotransferases.

Fig. 2. Molecular structure of selected plant sulfated metabolites.



sulfate group on some molecules can also be a pre-
requisite for their function. For example, a sulfated 
pentapeptide exhibiting mitogenic activity was iso-
lated from the conditioned medium of asparagus 
cell culture (Matsubayashi and Sakagami, 1996). 
Structure–activity relationship studies revealed that 
the presence of two sulfated tyrosine residues was 
essential for the activity of the peptide hormone. 
Herein we present the current state of our knowl-
edge on the molecular phylogeny, structure and 
biological activity of plant, algal and phototrophic 
bacterial SULTs.

II. Nomenclature

Despite the fact that the literature on plant 
SULTs is quite limited, the nomenclature of these 
enzymes is suffering from the same confusion 
that was initially encountered with their mamma-
lian homologs. Presently, the designations ST and 
SOT have been used to refer to the same enzymes 
(Piotrowski et al., 2004; Klein et al., 2006). 
Furthermore, the numbering of the SULTs in one 
species is leading to confusion since the same 
protein can get two different numbers in two dif-
ferent publications (e.g. AtST2a and AtSOT14).

In an effort to rationalize the nomenclature of 
SULTs across kingdoms, an international com-
mittee set up rules to assign names to SULTs 
(Blanchard et al., 2004). The committee used a 
system similar to the one applied successfully 
for the cytochrome P450 monooxygenases. An 
international curator is responsible to assign final 
names and can be contacted at rl_blanchard@
fccc.edu. The designation SULT was chosen by 
the international committee and genes having 
more than 45% amino acid sequence identity are 
members of the same family and are assigned 
the same number. The committee assigned the 
numbers from 201 to 400 to designate the plant 
enzymes. SULT401 and higher are reserved for 
prokaryotes. Members of the same family sharing 
60% or more amino acid sequence identity are 
classified in the same subfamily and are assigned 
the same letter following the family number. For 
example, the Flaveria chloraefolia flavonol 
4′-sulfotransferase was assigned the designation 
SULT201A2. This enzyme belongs to family 
201 and  subfamily A, which comprises two other 
members, the flavonol 3-SULT from the same spe-

cies and the flavonol 3-SULT from F. bidentis. In 
order to differentiate between orthologs, the fam-
ily number is preceded by the abbreviation of the 
species name, for example, (FLACH) for F. chlo-
raefolia and (FLABI) for F. bidentis. The family 
number 202 was assigned to the B. napus brassi-
nosteroid SULTs, previously called BnST1 to -4. 
Since the four genes share more than 60% iden-
tity at the amino acid level, they were assigned to 
the same subfamily A. One protein from A. thal-
iana encoded by the locus At2g03760 (previously 
called RaR047 or AtST1) also belongs to this 
subfamily. The hydroxyjasmonate SULT from 
A. thaliana (initially called AtST2a) encoded by 
the locus At5g07010 was assigned to family 203. 
Table 1 shows the result of the application of this 
nomenclature to the A. thaliana SULTs for which 
the biochemical function is known and to a few 
related sequences from other plant species.

III. Molecular Phylogeny of Plant 
Sulfotransferases

The availability of complete or near complete 
genome sequences for an increasing number of 
species renders possible to carry out thorough and 
detailed large-scale analysis of the plant SULT 
superfamily. The fully sequenced A. thaliana 
genome contains 18 SULT-coding genes including
1 apparent pseudogene (www.arabidopsis.org) 
(Table 2). For other plants with genomic infor-
mation (e.g. rice and poplar), SULTs also seem 
to be encoded by comparatively small gene fami-
lies. This is contrasting with the size of the gly-
cosyltransferase family, which comprises 120 
members in A. thaliana including eight apparent 
pseudogenes (Gachon et al., 2005). These results 
indicate that the modification of metabolites by 
sulfonation is a relatively rare event as compared 
to glycosylation. However, the number of SULTs 
in plants is significantly higher than in mammals 
(Table 2).

In spite of the rapid progress in the acquisi-
tion of genomic information from plants, only 13 
genes encoding plant SULTs have been charac-
terized at the biochemical level and only a hand-
ful have been characterized in planta. To date, 
more than 200 plant SULT sequences can be 
retrieved from public databases. However, their 
alignment reveals that a smaller number appear 
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to contain a full-length open reading frame. In an 
attempt to predict biochemical function based on 
sequence homology, we constructed an unrooted 
cladogram from 78 plant SULT sequences (Fig. 
3). The sequences used to generate the cladog-
ram presented in Fig. 3 were selected according 
to the following criteria. First, the regions I to IV 
 conserved in all cytosolic SULTs had to be present 
in the sequence (Varin et al., 1992). Second, only 
SULTs that could be assembled into full-length 
sequences were included in the alignment and 
in the phylogenetic tree. Finally, sequences con-
taining large gaps that might have originated 
from sequencing errors were eliminated from the 
dataset. We also generated cladograms from the 
alignment of the conserved region I or conserved 
region IV. In all cases, the trees looked similar to 
the one presented in Fig. 3 (data not shown).

Ten of the 17 A. thaliana SULT proteins are 
present in the same homogeneous clade (Fig. 3). 
In contrast, the rice and poplar SULTs are distributed in 
several clades containing sequences from at least 

two other species. The presence of the majority of 
the SULT proteins from A. thaliana in a homoge-
neous clade suggests that most of the divergence 
occurred after the diversification of this plant 
lineage. The remaining seven sequences are dis-
tributed in three clades containing proteins from 
at least three other species.

As expected, the brassinosteroid SULT enzymes 
from B. napus are present in the clade which also 
comprises A. thaliana At2g03760. The latter has 
recently been shown to be a brassinosteroid SULT 
(Marsolais et al., 2007) (see section V.A.4.a). The 
uncharacterized protein At2g03770 from A. thal-
iana is also present in this clade. The At2g03770 
locus is located adjacent to At2g03760 on chro-
mosome 2 and probably originates from a recent 
duplication event. Its position in the brassinos-
teroid SULT clade suggests that it might also 
be a brassinosteroid SULT. A number of SULTs 
from rice and one from barley are present in 
one branch of this clade. Their involvement in 
brassinosteroid sulfonation remains to be dem-
onstrated. The absence of a protein from poplar 
in this clade is surprising considering that its 
genome is almost fully sequenced and that a con-
servation of the brassinosteroid SULT function is 
expected. However, a functional homolog from 
poplar might be represented in the few genes that 
had to be excluded following the application of 
the sequence selection criteria.

To date, all monocotyledonous and dicoty-
ledonous plants that were tested were found to 
accumulate sulfated hydroxyjasmonates. This 

Table 1. Nomenclature of biochemically characterized Arabidopsis thaliana sulfotransferases and few selected 
sequences from other plant species.

 Sulfotransferase subfamily 
Sulfotransferase family and number Accession number Biochemical function

SULT201 A1 Fc_M84135 Flavonol 3-SULT
 A2 Fc_M84136 Flavonol 4′-SULT
 A1 Fb_10277 Flavonol 3-SULT
 B1 At1G74090 Desulfoglucosinolate SULT
 B2 At1G18590 Desulfoglucosinolate SULT
 B3 At1G74100 Desulfoglucosinolate SULT
SULT202 A1 Bn_AF000305 Brassinosteroid SULT
 A2 Bn_AF000306 Brassinosteroid SULT
 A3 Bn_AF000307 Brassinosteroid SULT
 A4 At2G03760 Brassinosteroid SULT
 A5 Bn_AY442306 Brassinosteroid SULT
SULT203 A1 At5G07010 Hydroxyjasmonate SULT
 A2 At5G07000 Unknown
 A3 Pt_LG11001725 Unknown

Table 2. Number of sulfotransferase sequences found in a 
selected number of species.

 Total number of Putative full-length
Species name unique sequences sequences

Arabidopsis  18 17

 thaliana
Oryza sativa 35 31
Populus  42 32

 trichocarpa
Homo sapiens 11 11
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suggests that the SULT enzyme involved in their 
synthesis is conserved among species. Recently, 
the A. thaliana hydroxyjasmonate SULT (AtST2a) 
was shown to be encoded by the locus At5g07010 
(Gidda et al., 2003). Interestingly, this enzyme 
is located in a clade comprising members 
from poplar, grape, alfalfa and soybean (Fig. 3). 

Its closest relative is encoded by the adjacent 
locus At5g07000 on chromosome 5. Despite 
an 85% sequence identity with At5g07010, the 
At5g07000 protein did not accept hydroxy-
jasmonates as substrate suggesting that high 
sequence identity alone is not a good predictor of 
substrate preference. Alternatively, the absence of 

Fig. 3. Cladogram showing the relationship between 78 plant SULT sequences. The accession number is preceded by the initial 
of the plant species in which they were identified. Abbreviations for species: At, Arabidopsis thaliana; Bn, Brassica napus; Fb, 
Flaveria bidentis; Fc, Flaveria chloraefolia; Gm, Glycine max; Gt, Gentiana triflora; Hv, Hordeum vulgare; Le, Lycopersicon 
esculentum; Mt, Medicago truncatula; Os, Oryza sativa; Pt, Populus trichocarpa; Ta, Triticum aestivum; Vv Vitis vinifera. The 
Arabidopsis and Flaveria genes which were characterized at the biochemical level are highlighted. The sequences were aligned 
with ClustalW and the cladogram was generated using PAUP 4.0b10 (Ativec) by a neighbor joining method.



activity of At5g07000 with hydroxyjasmonates 
may have been due to the improper folding of the 
recombinant enzyme. The second and third clos-
est relatives of At5g07010 are from poplar and 
grape with 60% and 58% identity, respectively. It 
will be interesting to test their enzymatic activity 
with hydroxyjasmonates.

Surprisingly, the closest relatives to the three 
SULTs involved in glucosinolate biosynthesis in 
A. thaliana are those involved in flavonoid sul-
fonation in Flaveria species (Fig. 3). This result 
illustrates one of the limitations of molecular 
phylogeny studies to predict protein function. It 
is well known that few amino acid changes in 
SULT sequences can lead to profound changes 
in substrate specificity (Varin et al., 1995; Sakak-
ibara et al., 1998). However, it is possible that 
the nature of the desulfoglucosinolate and flavo-
noid substrates impose similar constraints on the 
architecture of the protein. It is also possible that 
a common ancestral protein diverged recently to 
give rise to the two enzyme groups.

The utility of the cladogram to predict protein 
function is severely limited by the small number 
of SULTs that have been thoroughly character-
ized and by the limited number of sequences that 
were aligned. The biochemical characterization of 
more SULTs is required to better understand the 
evolutionary relationship between SULT genes.

IV. Enzymatic Mechanism 
and Structural Requirements

The amino acid alignment of the first characterized 
plant SULT with animal SULTs allowed defining 
four conserved regions (Varin et al., 1992). The 
stability of these conserved sequences during 
evolution suggested that they are essential for the 
catalytic function of these enzymes. To date, the 
structures of six SULTs have been solved including 
one plant enzyme from A. thaliana (At2g03760) 
(Yoshinari et al., 2001; Smith et al., 2004). They 
share a common globular structure and contain a 
single α/β fold with a central four- or five-stranded 
parallel β sheet surrounded by α-helices. The SULT 
structures are similar to those of nucleotide kinases 
suggesting a common ancestral protein. The most 
important structural features of SULTs are briefly 
described in the following section.

A. 3´-Phosphoadenosine 
5´-Phosphosulfate Binding Site

Amino acids from conserved regions I and IV con-
tribute to the PAPS binding site (Fig. 4a and d). 
Region I forms the 5′-phosphosulfate loop (PSB 
loop). Hydrogen bonds are formed between the 
5′-phosphate and the N6 atom of the strictly con-
served lysine residue and the oxygen of the two 
threonine residues located at the extremity of 
the PSB loop (Fig. 4a). The 3′-phosphate bind-
ing loop (PB loop) is made up of the three amino 
acids RKG located in region IV (Fig. 4d). Hydro-
gen bonds are formed between the arginine and 
glycine residues and the 3′-phosphate of the co-
substrate. The motif GXXGXXK located after the 
PB loop was shown to be essential for the binding 
of PAPS and estradiol in the estrogen SULT from 
mammals (Driscoll et al., 1995). Finally, aromatic 
amino acids in region II (Trp) and region III (Phe) 
form a parallel stack with the adenine group of 
PAPS (Fig. 4b and c).

B. Substrate Binding Site

The flavonol 3- and 4′-SULTs catalyze the transfer 
of the sulfuryl group of PAPS to position 3 of fla-
vonol aglycones and 4′- of flavonol 3-sulfates (see 
section V.A.1). To elucidate the structural aspects 
underlying the difference in substrate specificity of 
these enzymes, a number of hybrid proteins were 
constructed by the manipulation of their cloned 
cDNA sequences (Varin et al., 1995). Analysis 
of the substrate preference of the chimeric pro-
teins indicated that a segment, designated domain 
II, contains all the amino acid residues responsi-
ble for their substrate and position specificities. 
Within this domain, two regions of high amino 
acid divergence corresponding to amino acids 98 to 
110 and 153 to 170 were identified. A similar study 
conducted with the human phenol (SULT1A1) and 
catecholamine (SULT1A3) SULTs identified the 
same two variable regions as being responsible 
for the specificity of the two enzymes (Sakak-
ibara et al., 1998). To refine the analysis of the 
determinants of specificity, a number of diver-
gent amino acids located in the variable regions 
of the flavonol 3-SULT were replaced with the 
corresponding amino acids of the flavonol 4′-
SULT (Marsolais and Varin, 1997). No reversal of 
the specificity was observed after the individual 
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mutation. However, replacement of leucine 95 
of the flavonol 3-SULT by the corresponding 
tyrosine of the 4′-SULT had different effects on 
the kinetic constants depending on the flavonoid 
ring B structure suggesting that the tyrosine side 
chain may be in direct contact with this part of 
the molecule. Modeling studies of the flavonol 
3- and 4′-SULTs on the structure of the estrogen 
sulfotransferase showed that the leucine residue 
of the flavonol 3-SULT and the tyrosine resi-
due of the 4′-SULT are in close proximity with 
the catalytic site supporting their role in sub-
strate binding (data not shown).

C. Catalytic Mechanism

A great deal of information on the catalytic 
mechanism of SULTs has been derived from the 
solved crystal structures and from the results 
of numerous site-directed mutagenesis stud-
ies (Marsolais and Varin, 1998; Chapman et al., 
2004). The sulfonation reaction proceeds by an 
in-line attack of the sulfate group of PAPS. The 
conserved histidine residue in region II prob-
ably assists in the reaction by deprotonating the 
attacking substrate. Alternatively, the histidine at 
the active site might act as a nucleophile to form 

Region 1. 
At2g14920      YEGYWYSED-ILQSIPNIHTGFQPQETDIILASFYKSGTTWLKALTFALVQRS------KHSLEDHQHPLLH  (17) 
Bn_AF000307    FQGRWHTEA-LLQGILTCQKHFKAKDSDIILVTNPKSGTTWLKSLVFALINRH------KFPVSSGDHPLLV  (10) 
Mt_AC149197    FHGFWCPST-LIQSVNSFQNNFHAKDSDIVVASIPKSGTTWLKGLAYAIVNRQ------HFTSLENNHPLLL  (11) 
Os_01g20950    HPDGWYTFLPAMVSVMVAQRHFTARDTDIIIATFPKCGTTWLKALLFATVHRDG----GGAGGVEDDAALAQ  (31) 
Pt_eg01240006  YQGFWYSSF-FLEGLMSVQEHFNPQSTDIFLTSSPKTGTTWLKALAFAILTRS------RLS-GSTTSSLLT  (37) 
Hs_BAA28346    VEGTLLQPA-TVDNWSQIQS-FEAKPDDLLICTYPKAGTTWIQEIVDMIEQNGDVEKCQRAIIQHRHPFIEW  (10) 
consensus 1        w                f     di v s pK gttWlkal y    r                      (116) 
consensus 2                         f     dv l s pK gttwlk l       r                     (127) 

Region2 
At2g14920      NPHEIVPNLELDLYLKSSKPDLTKFLSSSSSSPRLFSTHMSLDPLQVPLKENLCKIVYVCRNVKDVMVSVWYFR (17) 
Bn_AF000307    NPHLLVPFMEG-VYYES-----PDFDFSLLPFPRLMNTHISHLSLPESVKSSSCQIVYCCRNPKDMFVSLWHFG (10) 
Mt_AC149197    NPHELVPQFEVNLYGDKDGPL-PQIDVSNMTEPRLFGTHMPFPSLPKSVKESNCKIIYICRNPFDTFVSYWIFI (12) 
Os_01g20950    NPHQLVPFLEIQVYVRD-----RAPDLSSLPAPRLLATHIPRPSLPASVAISGCKVVYMCRDPKDCLVSLWHFL (25) 
Pt_eg01240006  MPHDCVPFLE--------YHLAQNPSNRDLAIPLLS-THGR--------KGCFCFFVVLF-------------- (30) 
Hs_BAA28346    QPSGVE-------------------KAKAMPSPRILKTHLSTQLLPPSFWENNCKFLYVARNAKDCMVSYYHFQ (10) 
consensus 1     ph  v                            l  tH     l   v     rivy  r   d  vs w    (116) 
consensus 2                                      l  sH     l         kviy  r   d  vs y    (127) 

Region 3 
At2g14920      VTLHGPFWDHALSYWRGSLEDPKHFLFMRYEDLKAEPRTQVKRLAEFLDCPFTKEEEDSGSVDKIL  (17) 
Bn_AF000307    KFIAGPFWDHVLEYWYASLENPNKVLFVTYEELKKQTEVEVKRIAEFIGCGFTAEEE----VSEIV  (8) 
Mt_AC149197    ICLFGPFWDNMLGYLKESIERPDRVLFLKYEDLKEDVNFHTKRIAEFVGIPFTQEEENNGVIENII  (15) 
Os_01g20950    VSLVGPYWDHVLAYWRWHVERPGQVLFMTYEELSGDTLGQLRRLAEFVGRPFTGEERAARVDEAIV  (31) 
Pt_eg01240006  ISILGPYWDHVLGYWRASLEFPEKILFLTYEEMKKDTAAHVKKLAEFMGCSFTLDEEEEGEVQKII  (33) 
Hs_BAA28346    KVVWGSWFDHVKGWW--EMKDRHQILFLFYEDIKRDPKHEIRKVMQFMGKKVDETVLDKIVQETSF  (10) 
consensus 1        gp w   l yw      p  vlfl yedl       lk la fl   f   e        i   (116) 
consensus 2        g  w     yw         vlfl yeem       l  l  fl                    (127) 

Region 4 
At2g14920      ELCSLSNLRSVEINKTR-----TSSRVDFKSYFRKGQVGDWKSYMTPEMVDKIDMIIEEKL  (17) 
Bn_AF000307    KLCSFESLSRLEVNRQGKLPN----GIETNAFFRKGEIGGWRDTLSESLADAIDRTTEEKF  (8) 
Mt_AC149197    KLCSFESMKEIEGNQSGTI----SGDIEKEFYFRKGEIGDWANYLSSSMVEKLSKVMEEKL  (13) 
Os_01g20950    KACSFESLAGAEVNRSGTIELM-EEPMRNAEFFRRGVVGGWPNYLSPEMATRIDEITESKF  (27) 
Pt_eg01240006  SMCSFEKLSNLEVNKNGKHRLDTSIAIQNSIYFRKGEIGDWANHLTPEMGARLDDIMERKL  (35) 
Hs_BAA28346    EKMKENPMTNRSTVSKSILDQSIS------SFMRKGTVGDWKNHFTVAQNERFDEIYRRKM  (11) 
consensus 1     lc    l     n                  fRkg  g w   ms  m          k   (116) 
consensus 2    rlcsfe l  levnk g         m n  ffRkg vgdw n ltpemaekld iieekl  (127) 

Fig. 4. Conservation of amino acid residues in region I to IV of plant SULTs. Sequences from individual species were aligned 
separately using ClustalW. The level of conservation is defined by Boxshade 3.21 with a threshold value of 0.9 for black boxes. 
The number of genes from each species to generate the alignment is shown in the parentheses. Only one gene from each species 
is illustrated on the figure. Species: A. thaliana (At), Brassica napus (Bn), Medicago trunculata (Mt), Oryza sativa (Os) and 
Populus trichocarpa (Pt). Residues conserved in more than 90% of the sequences are shown in black while those conserved in 
more than 50% of the sequences are shown in gray. Consensus 1 is derived from the alignment of 116 plant sequences. Consen-
sus 2 is derived from the alignment of 116 plant and 11 human SULT sequences.



an unstable protein–sulfate complex. The lysine 
residue located in region I is also clearly involved 
in catalysis. Initially, this residue is interacting 
with a conserved serine located in region II. Upon 
catalysis, the lysine side chain probably interacts 
with the leaving sulfate group of PAPS (Kakuta 
et al., 1998). Even a conservative replacement of 
the lysine with arginine led to a significant reduc-
tion in catalytic efficiency without affecting the 
binding of PAPS supporting its role in catalysis 
(Marsolais and Varin, 1995).

V. Functional Characterization of Plant 
Sulfotransferases

A. Cytosolic Plant Sulfotransferases

Cytosolic SULTs sulfonate small organic molecules 
such as flavonoids, brassinosteroids, glucosinolates 
and hydroxyjasmonates. The term cytosolic can 
be misleading since in most cases, the subcellular 
localization of theses enzymes is unknown. The 
term cytosolic is in fact referring to the ability of 
the enzymes to be extracted from cells in a solu-
ble form. Although cytosolic SULTs were initially 
thought to be primarily involved in detoxification, it 
is now clear that this is not their main function. The 
next section describes our current knowledge of the 
plant SULTs and focuses on the biological signifi-
cance of the formation of sulfated conjugates.

1. Flavonoid Sulfotransferases 
from Flaveria Species

The position-specific flavonol SULTs from 
F. chloraefolia were the first plant SULTs to be 
characterized. These enzymes exhibit strict spe-
cificity for position 3 of flavonol aglycones, 3′ and 
4′ of flavonol 3-sulfates and 7 of flavonol 3,3′- and 
3,4′-disulfates (Fig. 2). Together, they participate 
in the sequential sulfonation of flavonol polysul-
fates (Varin and Ibrahim, 1989, 1991). The highly 
purified enzymes were active as monomers, did 
not require divalent cations for activity and had a 
similar molecular mass of 35 kDa. The Km values 
of the four enzymes for PAPS and the flavonol 
acceptors varied between 0.2 and 0.4 µM.

The flavonol 3-SULT was purified to appar-
ent homogeneity and its kinetic properties were 
extensively studied (Varin and Ibrahim, 1992). 

The results of substrate interaction kinetics and 
product inhibition studies are consistent with an 
ordered Bi Bi mechanism, where PAPS is the first 
substrate to bind to the enzyme and PAP the last 
product to be released. These results are similar 
to those obtained for several mammalian SULT 
enzymes (Chapman et al., 2004).

Despite the early discovery and abundance of 
flavonol sulfates in Flaveria species, their bio-
logical significance remains to be elucidated. One 
report suggests that sulfated flavonols might play 
a role in the regulation of polar auxin transport 
(Jacobs and Rubery, 1988). Flavonol aglycones, 
such as quercetin and kaempferol, were found to 
bind to the naphthylphthalamic acid receptor and 
thus inhibit polar auxin transport from the basal 
end of stem cells. In contrast, sulfated flavonols 
act as antagonists of quercetin and thus allow 
auxin efflux from tissues where it is produced 
(Faulkner and Rubery, 1992).

2. Choline Sulfotransferase 
from Limonium sativum

Choline sulfate accumulates in all the species of 
the salt stress-tolerant Plumbaginaceae family 
investigated to date (Hanson et al., 1994) (Fig. 2). 
It has been proposed that choline sulfate and other 
betaines act as osmoprotectants in response to salin-
ity or drought stress. In vivo feeding experiments 
with Limonium species showed that [14C] choline 
was converted to the sulfated derivative suggest-
ing the presence of a choline SULT (Hanson et al., 
1991). The enzyme was identified and  characterized 
in vitro from root extracts of Limonium sinuatum 
(Rivoal and Hanson, 1994). The fact that more than 
98% of the choline SULT activity could be recov-
ered in the supernatant following high speed cen-
trifugation suggests that it is cytosolic. The choline 
SULT activity was found to be strictly dependent 
on PAPS and showed a pH optimum of 9.0. The 
apparent Km values were of 5.5 µM for PAPS and 
25 µM for choline. The presence of the choline 
SULT was investigated in a number of species 
including non-accumulators of choline sulfate such 
as barley, maize, sunflower and Brassica spp., and 
was found to be restricted to members of the genus 
Limonium. In spite of the potential of this enzyme 
for the engineering of plants with increased salt 
tolerance, no attempts have been made to isolate a 
cDNA clone encoding this activity.
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3. Brassinosteroid Sulfotransferases 
from Brassica napus

Two members of the plant sulfotransferase 
 superfamily, SULT202A3 and SULT202A5 from 
B. napus (initially called BnST3-4) were found to 
catalyze the in vitro sulfonation of  brassinosteroids, 
as well as mammalian estrogenic steroids and 
hydroxysteroids (Rouleau et al., 1999; Mar-
solais et al., 2004) (Fig. 2). SULT202A3 and 
SULT202A5 are stereospecific for 24-epibrassi-
nosteroids, with a substrate preference for the 
metabolic precursor 24-epicathasterone. Based 
on the lack of biological activity of 24-epibrassi-
nolide sulfate, and the induction of B.napus SULT 
genes by salicylic acid, a function in brassinos-
teroid inactivation was initially hypothesized for 
these sulfotransferases (Rouleau et al., 1999). 
However, SULT202A3 and SULT202A5 exhibit 
a relatively broad specificity towards steroids in 
vitro. Besides salicylic acid, the B. napus SULT 
genes are inducible by ethanol and other xenobi-
otics, including the herbicide safener naphthalic 
anhydride (Marsolais et al., 2004), which would 
be compatible with a general function of the sul-
fotransferases in detoxication. The observation 
that constitutive expression of SULT202A3 in 
transgenic A. thaliana did not lead to a brassi-
nosteroid-deficient phenotype suggested that the 
steroid sulfotransferase is not directly involved in 
brassinosteroid inactivation (Marsolais et al., 2004).

4. Cytosolic Sulfotransferases 
from Arabidopsis thaliana

The genome of A. thaliana contains a total of 18 
sulfotransferase-coding genes based on sequence 
similarity with previously characterized SULTs 
from animals and plants. Of these, one (At3g51210) 
is probably a pseudogene since it encodes a trun-
cated protein lacking the strictly conserved region 
I. To date, seven A. thalina SULTs have been 
characterized at the biochemical level.

a. Brassinosteroid SULTs (At2g03760 
and At2g14920) 

At2g03760

SULT202A4 (At2g03760, RaR047) was first char-
acterized as a gene up-regulated in response to 
pathogens and the pathogen-related signals, methyl 

jasmonate and salicylic acid (Lacomme and Roby, 
1996). As can be seen in Fig. 3, At2g03760 is an 
ortholog of the B. napus SULT genes in A. thaliana. 
At2g03760 shares 87% of amino acid sequence 
identity with its closest relative SULT202A5. 
Together, At2g03760 and the B. napus SULT 
proteins belong to the SULT202 family of 
plant soluble SULTs, according to the proposed 
guidelines for SULT nomenclature (Table 1)
(http://www.fccc.edu/research/labs/blanchard/
sult/) (Marsolais et al., 2000; Blanchard et al., 
2004). At2g03760 is located on chromosome 
1 and clustered with two other SULT genes of 
unknown function, At2g03770, which is also 
part of the SULT202 family (53% identity with 
At2g03760 in amino acid sequence), and the more 
distant At2g03750 (Fig. 3).

Recombinant SULT202A4 displayed similar 
substrate specificity towards brassinosteroids as 
the previously characterized SULT202A3 and 
SULT202A5 (Rouleau et al., 1999; Marsolais et al., 
2007). Among naturally occurring brassinos-
teroids, the enzyme was stereospecific for 24-epi-
brassinosteroids, since no activity was observed 
with the 24-epimers castasterone and brassino-
lide. The preferred substrates of SULT202A4 
were 24-epicathasterone (Vmax/Km 8.3 pkatal mg−1 
µM−1), followed by 6-deoxo-24-epicathasterone 
(Vmax/Km 2.2 pkatal mg−1 µM−1) (Marsolais et al., 
2007). SULT202A3 was previously hypothesized 
to transfer the sulfonate group at position 22 of 24-
epibrassinosteroids, based on its lack of catalytic 
activity with the synthetic 22-deoxy-24-epiteas-
terone, and the fact that estrogens are sulfonated 
at position 17, since 17β-estradiol 3-methyl ether 
was conjugated but not estrone (Rouleau et al., 
1999). Like SULT202A5 (Marsolais et al., 2004), 
SULT202A4 displayed a significant but low 
catalytic activity with the synthetic 22-deoxy-24-
epiteasterone. Like SULT202A3, SULT202A4 
catalyzed the sulfonation of both hydroxysteroids 
and estrogens (Rouleau et al., 1999), whereas 
SULT202A5 only accepted hydroxysteroids 
(Marsolais et al., 2004). The apparent Km for 
PAPS of SULT202A4 was 3 µM.

At2g14920

At2g14920 was recently identified and char-
acterized as a novel enzyme which sulfonates 
brassinosteroids in vitro (Marsolais et al., 2007). 
Recombinant At2g14920 was screened against 



a wide array of potential substrates, includ-
ing phenolic acids, desulfoglucosinolates, 
flavonoids, steroids, gibberellic acids, cytoki-
nins, phenylpropanoids, hydroxyjasmonates 
and coumarins. Catalytic activity was detected 
exclusively with brassinosteroids. In contrast 
with SULT202A4, no enzymatic activity was 
observed towards hydroxysteroids or estrogens. 
Among brassinosteroids tested, At2g14920 was 
specific for  biologically active end-products of 
the biosynthetic pathway, including castasterone, 
brassinolide, related 24-epimers, and the natu-
rally occurring (22R, 23R)-28-homobrassinos-
teroids. The preferred substrates of the enzyme 
were (22R, 23R)-28-homocastasterone (Vmax/Km 
2.7 pkatal mg−1 µM−1), followed by (22R, 23R)-
28-homobrassinolide (Vmax/Km 1.8 pkatal mg−1 
µM−1). The apparent Km of the enzyme for PAPS 
was 0.4 µM (Marsolais et al., 2007).

The A. thaliana genome contains two closely 
related genes, At1g13420 and At1g13430, located 
in tandem on chromosome 1. At1g13430 is more 
closely related to At2g14920 (84% identical in 
amino acid sequence) than At1g13420 (69%). It 
is possible that At1g13420 and At1g13430 also 
encode brassinosteroid SULTs, given the high 
degree of sequence relatedness.

b. Hydroxyjasmonate SULT (At5g07010)

12-Hydroxyjasmonate, also known as tuberonic 
acid, was first isolated from Solanum tuberosum 
and was shown to have tuber-inducing properties 
(Yoshihara et al., 1989) (Fig. 2). It is derived from 
the ubiquitously occurring jasmonic acid, an impor-
tant signaling molecule mediating diverse devel-
opmental processes and plant defense responses. 
It has recently been shown that 12-hydroxyjas-
monate and its sulfated derivative occur naturally 
in A. thaliana (Gidda et al., 2003). Treatments 
with methyl jasmonate led to an increase in the 
amount of 12-hydroxyjasmonate and 12-hydrox-
yjasmonate sulfate in this plant, and it has been 
proposed that the metabolism of jasmonic acid 
to 12-hydroxyjasmonate sulfate might be a route 
leading to its inactivation.

The enzyme catalyzing the sulfonation of 
12-hydroxyjasmonate is encoded by the gene 
SULT203A1 (At5g07010, previously AtST2a) 
(Gidda et al., 2003) (Table 1). The recombinant 
SULT203A1 protein was found to exhibit strict 
specificity for 11- and 12-hydroxyjasmonate with 

Km values of 50 and 10 µM, respectively. The Km 
value for PAPS was found to be 1 µM. SULT203A1 
expression was induced following treatment with 
methyljasmonate and 12-hydroxyjasmonate. In 
contrast, the expression of the methyljasmonate-
responsive gene Thi2.1, a marker gene in plant 
defense responses, is not induced upon treatment 
with 12-hydroxyjasmonate indicating the exist-
ence of independent signaling pathways. The 
presence of two independent response pathways 
suggests that the function of SULT203A1 might 
be to directly control the biological activity of 12-
hydroxyjasmonate.

At5g07010 is localized on chromosome 5 and 
is clustered with the locus At5g07000. The latter 
encodes SULT203A2 that shares 85% amino acid 
identity with SULT203A1. SULT203A2 was also 
expressed in Escherichia coli and could be recov-
ered in a soluble form (Gidda et al., 2003). How-
ever, no activity was observed with any of the 
substrates tested including 11- and 12-hydroxy-
jasmonate. Other substrates structurally related 
to 11- and 12-hydroxyjasmonate will need to be 
tested to elucidate the biochemical function of 
this enzyme.

c. Desulfoglucosinolate SULTs (At1g74100, 
At1g74090 and At1g18590)

Glucosinolates are sulfated, non-volatile thioglu-
cosides derived from aliphatic, indolyl or aromatic 
amino acids (Fig. 2). They are found throughout the 
order Capparales (Cronquist, 1988), particularly in 
the Brassicaceae family, which includes important 
crop plants such as B. napus and the model spe-
cies A. thaliana. Upon mechanical damage, infec-
tion or pest attack, cellular breakdown exposes 
the stored glucosinolates to catabolic enzymes 
(e.g. myrosinases), yielding a variety of reactive 
products such as isothiocyanates, organic nitriles, 
thiocyanates and oxazolidine-2-thiones (Bones 
and Rossiter, 1996). These catabolites contribute 
to the distinctive flavor and aroma of cruciferous 
plants and are believed to play an important role 
in plant protection against herbivores and patho-
gen attack (Chew, 1988). In addition, the glucosi-
nolate degradation products have toxic effects on 
animals and humans (Fenwick et al., 1983). The 
last step in glucosinolate biosynthesis is catalyzed 
by a desulfoglucosinolate SULT (DSG-SULT). 
A DSG-SULT has been partially purified from 
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Lepidium sativum (Glendening and Poulton, 
1990) and Brassica juncea (Jain et al., 1990), and
its activity was detected in cell-free extracts of several 
crucifers, including A. thaliana and other Brassica 
species (Glendening and Poulton, 1990). The L. 
sativum desulfoglucosinolate SULT had apparent 
Km for PAPS and desulfo-benzylglucosinolate 
of 60 and 82 µM, respectively (Glendening and 
Poulton, 1990).

The presence of glucosinolates in A. thaliana 
and the availability of its genome sequence facili-
tated the identification of the three DSG-SULTs 
present in this plant (Varin and Spertini, 2003; Pio-
trowski et al., 2004; Klein et al., 2006). Different 
names have been used to describe these proteins 
(AtST5a-c and AtSOT16-18) and in the follow-
ing section, the nomenclature described in Table 
1 will be used. Two different approaches were 
used to identify the genes encoding DSG-SULTs 
in A. thaliana. Varin and Spertini (2003) used a 
systematic approach of cloning all SULT-coding 
genes from A. thaliana and assay the recombinant 
proteins with desulfoallyl-,  desulfobenzyl- and 
desulfoindolylglucosinolates. Three DSG-SULTS 
(SULT201B1, SULT201B2, and SULT201B3) 
with different substrate specificities were identi-
fied using this approach. Piotrowski et al. (2004) 
isolated a cDNA clone induced by the phytotoxin 
coronatine, a structural homolog of jasmonic acid, 
using  differential mRNA display. The cDNA 
was found to correspond to SULT201B1. Upon 
wounding, an immediate and transient increase 
in SULT201B1 transcript was observed both 
locally and systemically. The coronatine-induced 
SULT was shown to prefer desulfoindolylglucosi-
nolates, whereas long chain desulfoglucosinolates 
derived from methionine are the preferred sub-
strates of the two close homologs, SULT201B2 
and SULT201B3. The substrate preference of 
SULT201B1 and its induction by coronatine and 
methyl jasmonate correlates with a previous report 
demonstrating that B. napus responds to methyl 
jasmonate treatment by increasing the accumu-
lation of indolylglucosinolates (Doughty et al., 
1995). The Km values ranged from 50 to 100 µM 
for desulfoglucosinolates and 25 to 100 µM for 
PAPS (Klein et al., 2006). Green fluorescent pro-
tein fusions were used to study the sub-cellular 
localization of the DSG-SULTs of A. thaliana. 
The results indicated that the three SULTs have a 
cytosolic localization (Klein et al., 2006).

d. Flavonoid SULT (At3g45070)

To characterize the biochemical function of 
At3g45070, a large number of substrates were 
tested including desulfo-derivatives of most of 
the known plant sulfated metabolites as well as 
a collection of metabolites for which no sulfated 
derivatives have been reported in the literature 
(Gidda and Varin, 2006). When expressed in 
E. coli, At3g45070 exhibited specificity for posi-
tion 7 of flavones, flavonols and their monosul-
fate derivatives. The substrate specificity studies 
clearly indicate that At3g45070 prefers flavonols 
over flavones. Furthermore, among the flavonols 
tested, At3g45070 was shown to have a higher 
affinity for the monosulfate derivatives as com-
pared with the corresponding aglycones, sug-
gesting the existence in A. thaliana of another 
flavonol SULT that may sulfonate the 3-hydroxyl 
group. The fact that At3g45070 could sulfonate 
flavones (apigenin, chrysin, 7-hydroxyflavone), 
flavonols with different substitution patterns on 
ring B (kaempferol, isorhamnetin, quercetin, 
myricetin 3, 5, 7, 3′, 4′, 5′ hexahydroxyflavone) 
and an isoflavone (genistein) albeit with different 
catalytic efficiencies suggested that the enzyme 
does not exhibit strict structural requirements for 
defined ring B and C structures. However, the 
position specificity exhibited by At3g45070, and 
the low enzyme activity observed with 6- or 8-
hydroxylated flavonols indicated that the enzyme 
exhibits strict structural requirements for the 
flavonoid A ring. In contrast, the two isoforms 
of the previously characterized flavonol 7-SULT 
from F. bidentis were found to exhibit strict struc-
tural requirements for the three rings of the flavo-
nol skeleton (Varin and Ibrahim, 1991). The fact 
that At3g45070 exhibits a broad substrate specif-
icity suggests that sulfonation of flavonols in 
A. thaliana does not follow a stepwise or sequen-
tial order as observed in Flaveria species (Varin 
and Ibrahim, 1989). The Km values for kaempferol 
3-sulfate and PAPS were found to be 2 and 1 µM, 
respectively with a V

max
 of 285 pkatal/mg−1.

The substrate specificity of At3g45070 is con-
sistent with the reported occurrence of kaempferol, 
quercetin and myricetin in A. thaliana (Shirley et 
al., 1995; Burbulis et al., 1996). However, the 
absence of any reports on the presence of flavonol 
sulfates in A. thaliana suggests that these com-
pounds might be present in very low quantities and 



possibly in specific tissues or at specific devel-
opmental stages or desulfated during isolation 
because of their labile nature. RT- PCR experi-
ments indicated that At3g45070 is expressed only 
at the early stage of seedling development and in 
siliques and inflorescence stem in mature plants. 
Using biochemical and visualization techniques 
it has been shown that flavonoid accumulation in 
A. thaliana seedlings is developmentally regu-
lated, and in the mature plants, flavonoid accumu-
lation is restricted to flowers, immature siliques 
and upper inflorescence stems (Peer et al., 2001). 
The pattern of expression of At3g45070 therefore 
parallels flavonoid accumulation in A. thaliana. 
The discovery of a flavonol sulfotransferase 
from A. thaliana suggests that flavonol sulfates 
are more widely distributed in plants than once 
thought and this model plant could be used to 
study their biological significance.

The At3g45070 and At3g45080 enzymes exhibit 
86% amino acid sequence identity, suggesting 
that they might represent isoenzymes sharing 
similar substrates. Attempts to characterize the 
biochemical function of At3g45080 were unsuc-
cessful (Gidda and Varin, unpublished results). 
Therefore, it remains to be determined if this 
enzyme exhibits overlapping or different sub-
strate and position preferences as compared with 
those of At3g45070.

B. Membrane-Bound Plant 
Sulfotransferases

In mammals, 12 membrane-associated SULTs 
have been characterized extensively (Chapman et 
al., 2004). These enzymes are known to play crit-
ical functions in anticoagulation, angiogenesis, 
leucocyte adhesion, cartilage development, cor-
neal transparency, neuronal function, lymphocyte 
binding, T-cell response, and HSV-1 entry. They 
catalyze the sulfonation of sugar residues in 
heparan, keratan, dermatan and chondroitin to 
mention a few, and of tyrosyl residues in peptides 
and proteins. Because of their biological impor-
tance and medical relevance, there is intense 
interest in understanding their properties and 
mode of action. In contrast, very little is known 
about membrane-associated plant SULTs. To 
date, only two have been partially characterized. 
Interestingly, both are involved in the sulfonation 
of regulatory or signalling molecules.

1. Gallic Acid Glucoside Sulfotransferase 
from Mimosa pudica

Mimosa pudica has the ability to close its leaves 
at night (nyctinasty) or in response to a mechani-
cal stimulus (seismonasty). Following mechanical 
stimulation, the leaves close in 1 to 2 s, and in the 
absence of further stimulation, they recover their 
original position during a recuperation phase last-
ing 2 to 5 min. The movements are taking place at 
the motor organs (pulvini) localized at the base of 
the petiole and leaflets. A combination of electri-
cal and chemical signals has been shown to be 
involved in this movement (Satter, 1990).

Early in the 20th century, scientists reported 
that an extract from Mimosa, or other plants exhib-
iting nyctinastic movement was able to induce 
leaf closure when applied to the cut stem of the 
seisomonastic plant M. pudica. The substance that 
could induce the movement was later found to be 
gallic acid 4-O-(β-D-glucopyranosyl-6′-sulfate) 
and was named the periodic leaf movement fac-
tor 1 (PLMF-1) (Schildknecht and Schumacher, 
1981). Structure–activity relationship studies of 
PLMF-1 revealed that the presence of the sulfate 
group was required for biological activity.

A SULT that catalyzes the transfer of the sul-
furyl group from PAPS to gallic acid glucoside 
was characterized from M. pudica plasma mem-
brane protein preparations (Varin et al., 1997). 
The enzyme was found to exhibit strict spe-
cificity and high affinity for the substrate gal-
lic acid glucoside (Km 3.0 µM) and cosubstrate 
PAPS (Km 0.5 µM). The PLMF-1 SULT activity 
was detected only in plasma membrane protein 
extracts from pulvini, suggesting that the site of 
synthesis of this compound is restricted to the 
motor organs. Although the PLMF-1 SULT has 
never been purified to apparent homogeneity, the 
availability of antibodies that reacted with this 
protein allowed detecting a 42 kDa band in plasma 
membrane fractions exhibiting PLMF-1 SULT 
activity. The 7 to 12 kDa difference between the 
molecular mass of the Mimosa SULT and the 30–
35 kDa reported for the plant and animal cytosolic 
SULTs might reflect the presence of an additional 
 transmembrane domain anchoring the protein 
in the plasma membrane of the pulvini. Indirect 
immunogold labeling of sections from primary 
and secondary pulvini indicated the presence of 
the gold particles on the plasma membrane of 
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the sieve tubes. The localization of the PLMF-
1 SULT in the phloem cells of the motor organs 
coincides with the site of transport of the electri-
cal signal that is triggered following stimulation 
and supports the model that has been proposed 
for the mode of action of PLMF-1 (Schildknecht 
and Meir-Augenstein, 1990).

2. Tyrosylprotein Sulfotransferase 
from Oryza sativa

Protein tyrosine O-sulfonation is one of the most 
frequent posttranslational modifications occurring 
in many secretory and membrane bound proteins of 
eukaryotes (Niehrs et al., 1994). In mammalian cells, 
this sulfonation reaction is catalyzed by tyrosylpro-
tein sulfotransferase (TPSULT), a membrane-bound 
enzyme localized in the trans-Golgi network (Lee 
and Huttner, 1983; Baeuerle and Huttner, 1987). 
Human and mouse TPSULT cDNAs have been 
cloned and shown to encode type II transmembrane 
proteins of 370 amino acids with apparent molecu-
lar masses of 54 kDa (Ouyang et al., 1998).

In plants, the first report on the characterization 
of a TPSULT had to await the isolation of a disul-
fated pentapeptide [Tyr(SO

3
H)-Ile-Tyr(SO

3
H)-

Thr-Gln] named phytosulfokine-α (PSK-α) 
which was purified from a conditioned medium 
derived from asparagus cell culture (Matsuba-
yashi and Sakagami, 1996). PSK-α triggers cell 
proliferation at nanomolar concentrations syn-
ergistically with other plant hormones. Struc-
ture–activity relationship studies demonstrated 
that the sulfonation of the tyrosine residues is 
essential for the mitogenic activity of PSK-α. 
Subsequently, PSK-α was shown to be present in 
monocotyledonous and dicotyledonous cell cul-
tures, and PSK-α encoding genes from rice and 
A. thaliana have been cloned and characterized 
(Yang et al., 1999, 2001). Putative receptor pro-
teins for this autocrine-type growth factor were 
identified by photoaffinity labelling of plasma 
membrane fractions derived from rice, carrot and 
tobacco cells suggesting the widespread occur-
rence of the binding proteins (Matsubayashi and 
Sakagami, 1999, 2000). A PSK receptor was puri-
fied and cloned from carrot microsomal fractions, 
belonging to the leucine-rich repeat receptor-like 
kinases (Matsubayashi et al., 2002).

An in vitro enzyme assay to detect TPSULT 
activity was developed using a 14 amino acid 

 synthetic oligopeptide precursor derived from the 
rice PSK-α cDNA sequence (Hanai et al., 2000). 
The precursor contained the mature YIYTQ 
sequence and the acidic amino acid residues at 
the N-terminal of the first tyrosine residue of 
mature PSK-α. TPSULT activity was found in 
microsomal membrane preparations from rice, 
 asparagus and carrot cells (Hanai et al., 2000). The 
widespread distribution of TPSULT activity in 
higher plants suggests that tyrosine O-sulfonation 
is a ubiquitous posttranslational process involved 
in the modification of proteins and peptides. The 
asparagus enzyme exhibited a broad pH optimum 
of 7.0–8.5, required manganese ions for optimal 
activity and appeared to be membrane-localized 
in the Golgi apparatus. The apparent Km of the rice 
enzyme for the peptide precursor was 71 µM, with 
a V

max
 of 1.0 pmol min−1 mg−1. Substrate specificity 

studies revealed that acidic amino acid residues 
adjacent to the tyrosine residues of the acceptor 
peptide were essential for activity, indicating that, 
as in mammals, tyrosine sulfonation takes place 
prior to the proteolytic processing and matura-
tion of the peptide hormone. Structural require-
ments for the peptide substrate and the properties 
of the rice enzyme are similar to those reported 
for mammalian TPSULT enzymes. So far, the 
cloning of a plant TPSULT has not been reported, 
and no candidate sequences are available. Clon-
ing of a plant TPSULT will allow studying the 
regulation of its expression and its tissue distri-
bution to better understand its function. A cloned 
plant TPSULT may also assist the identification 
of additional substrates beside the PSK precursor. 
An improved understanding of the biology and 
substrate specificity of the plant TPSULT is also 
relevant to the production of pharmaceutical pro-
teins in plants by molecular farming, since a large 
number of therapeutic proteins and peptides are 
modified by tyrosine sulfonation in their native 
form (Niehrs et al., 1994).

VI. Sulfotransferases in Algae 
and Phototrophic Bacteria

A. Algae

Several genera of marine macroalgae synthesize 
sulfated polysaccharides which constitute the 
major compound of their cell wall (see Chapters 



15 and 22 in this book). These polyanionic mole-
cules chelate metallic ions, and provide a hydration 
shell to the organism. The commercially valuable 
sulfated polysaccharides are the carageenans 
from red algae (Rhopophyta) and sulfated fucans 
from brown algae (Phaeophyceae). The sulfated 
fucans have anticoagulant properties, and present 
a possible alternative to medical treatment with 
heparin (Mourao, 2004). Carageenans are used in 
various products due to their properties as hydro-
colloids, including as food thickeners, but also 
in cosmetic and pharmaceutical products, and in 
various industrial applications (McHugh, 2003). 
Carageenans are sulfated galactans composed of 
alternating 1,3-α-1,4-β D-galactose units sub-
stituted with one (κ-), two (ι-) or three sulfate 
residues (λ-) per disaccharide monomer. Sulfated 
fucans are polysaccharides mainly constituted of 
sulfated L-fucose, with substitutions at positions 
2, 3 and/or −4, depending on the species (Berteau 
and Mulloy, 2003).

Sulfated fucans are also present in echinoderms, 
such as sea urchins and sea cucumbers, while 
sulfated galactans are found in marine inverte-
brates ascidians. Aquino et al. (2005) reported that 
marine angiosperms, the seagrassses, contain sul-
fated polysaccharides in their cell walls, whereas 
they are absent from land plants. The structure 
of the polysaccharide from Ruppia maritima was 
determined to be a sulfated galactan containing 
regular tetrasaccharide units. This discovery sug-
gested that biosynthesis of sulfated polysaccha-
rides may be a result of physiological adaptation 
to marine environments.

In mammals, numerous genes have been 
cloned coding for Golgi-localized, membrane-
bound SULTs involved in the biosynthesis of sul-
fated oligosaccharides and glycosaminoglycans 
(Fukuda et al., 2001). Carbohydrate SULTs have 
also been characterized from symbiotic rhizo-
bacteria, and participate in the biosynthesis of 
nodulation (Nod) factors acting as signals elic-
iting developmental programs leading to nodule 
formation in the plant root. NodH SULT from 
Sinorhizobium meliloti catalyzes the sulfonation 
of the 6-reducing end of N-acetylglucosamine in 
an oligosaccharide (Ehrhardt et al., 1995), while 
NoeE from Rhizobium sp. NGR234 sulfates a 
2-O-methyl fucose residue substituting the reduc-
ing end of the N-acetylglucosamine oligomer 
(Hanin et al., 1997). The mammalian and rhizo-

bacterial carbohydrate SULTs share consensus 
sequences which are the hallmark of all SULTs 
characterized to date (Marsolais and Varin, 1995; 
Kakuta et al., 1998). Yet, at present, no algal candi-
date genes are available for the SULTs involved in 
the biosynthesis of sulfated polysaccharides. This 
may be due to the scarcity of genomic information 
available from algae, although a few expressed 
sequence tag sequencing projects have been initiated 
(Grossman, 2005). Alternatively, algal carbohy-
drate SULT genes may have diverged to the extent 
that they cannot be readily identified using bioin-
formatic search tools. Algal carbohydrate SULT 
genes may constitute a highly attractive target 
for future research, to produce existing or new 
sulfated carbohydrate polymers, through enzy-
matic synthesis or metabolic engineering. How-
ever, carrageenans and sulfated fucans can act 
as elicitors of plant defence responses (Mercier 
et al., 2001; Klarzynski et al., 2003), and therefore, 
their production in plants may have deleterious 
effects. This is indeed a yet unexplored area.

B. Phototrophic Bacteria

Recent sequencing of bacterial genomes has 
uncovered a multitude of SULT genes of unknown 
function. They are particularly well represented 
in cyanobacteria, but also in other phototrophic 
bacteria. A search of the Entrez conserved pro-
tein domain database (http://www.ncbi.nlm.nih.
gov) revealed that cyanobacterial sequences are 
represented in proteins defined by five differ-
ent Pfam SULT conserved domains. As com-
pared with plant and mammalian SULTs, the 
unique feature of bacterial sequences is that the 
SULT domain may be associated with other func-
tional domains in a single protein. The SULTs 
present in phototrophic bacteria can be classified 
into four structural types, based on their domain 
architecture (visualized in the Pfam database, 
http://www.sanger.ac.uk/Software/Pfam/) (Table 3,
Fig. 5). For each type illustrated in Fig. 5, a cyano-
bacterial SULT was arbitrarily chosen as a model. 
Information about possible function of the SULTs 
may sometimes be inferred from their domain 
structure and genomic context. In the first struc-
tural type, the SULT domain is located C-terminal 
to a series of tetratricopeptide (TPR) repeats (Table 
3, Fig. 5). The number, subtype and arrangement 
of the TPR repeats can be variable. Among pro-
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Fig. 5. Protein domain architecture of SULTs from phototrophic bacteria. Schematic representation of the four structural types 
of SULT present in phototrophic bacteria, based on their domain structure. The protein models represented are listed in Table 1.

Table 3. Sulfotransferase sequences from phototrophic bacteria. Sequences are listed with their NCBI protein database annota-
tion, species of origin, accession no. and length. aa: amino acid.

Sulfotransferase struc-
tural type Protein model

Other selected proteins 
from cyanobacteria

Presence in other 
phototrophic bacteria Taxonomic distribution

TPR: sulfotransferase Hypothetical protein, 
Gloeobacter violaceus 
(NP_924330.1) 
(631 aa)

Sulfotransferase TPR 
repeat, Prochlorococ-
cus marinus (NP_
893237.1) (584 aa); 
Probable TPR domain 
protein, Synechococ-
cus sp. (ZP_0108118) 
(606 aa)

Purple non-sulfur 
bacteria, for exam-
ple sulfotransferase, 
Rhodospirillum rubrum 
(YP_427300.1) 
(656 aa)

Present in other 
proteobacteria; sul-
fotransferase, Chromo-
halobacter salexigens 
(ABE59338) (1415 aa) 
has fused TPR, O-Glc-
NAc- and sulfo- trans-
ferase domains

Sulfotransferase Hypothetical protein, 
Synechocystis sp. (NP_
942202.1) (316 aa)

Sulfotransferase, 
Crocosphera watso-
nii (ZP_00516056.1) 
(273 aa); unknown, 
Prochloron didemni 
(AAT37520.1) (277 aa); 
hypothetical protein, G. 
violaceus (NP_924845) 
(320 aa)

Purple non-sulfur 
bacteria, for exam-
ple sulfotransferase, 
Rhodospirillum rubrum 
(ABC21658) (289 aa); 
green sulfur bacteria, 
for example sulfotrans-
ferase, Chlorobium 
phaeobacteroides 
(ZP_00533423) 
(343 aa)

Present in other proteo-
bacteria and Gram-
positive bacteria

Polyketide synthase: 
sulfotransferase

CurM, Lyngbya majus-
cula (AAT70108) 
 (2147 aa)

None Absent Unique; Polyketide 
synthase, Pseudomonas 
entomophila (YP_
610919.1) (1217 aa) has 
a related sulfotransferase 
domain

GAF: sulfotransferase GAF, Synechococcus 
sp. (ABB34328) 
(529 aa)

None Absent Unique



teins of known function, the TPR repeat domains 
present in the Gloeobacter and Rhodospirillum 
SULTs listed in Table 3 are most similar to that 
of eukaryotic O-linked N-acetylglucosamine (O-
GlcNAc) transferases (data not shown), which 
catalyze posttranslational modification of proteins 
on serine and threonine residues. In O-GlcNAc 
transferases, the TPR repeat domain is involved 
in protein-protein interaction, and assists substrate 
recognition (Iyer and Hart, 2003). Interestingly, 
a related hybrid protein from Chromohalobacter 
salexigens has a fusion of the TPR, O-GlcNAc 
transferase and SULT domains (Table 3). Proteins 
from the second structural type have no additional 
domains beside the SULT domain (Table 3, Fig. 5). 
The Synechocystis SULT used as a protein model 
is encoded on a plasmid, pSYSM, and its gene 
located within a cluster comprised of eight glyco-
syl transferases and two homologues of polysac-
charide transporters, which may participate in the 
biosynthesis and secretion of unknown exopoly-
saccharides (Kaneko et al., 2003). Within the same 
structural type, the SULT gene from the cyanobac-
terial symbiont Prochloron didemni (Table 3) is 
located in a cluster with a nonribosomal peptide 
synthetase, which may be involved in the biosyn-
thesis of bioactive nonribosomal cyclic peptides 
(Schmidt et al., 2004). The third structural type is 
characterized by a fusion of polyketide synthase 
and SULT domains, represented by CurM from 
Lyngbya majuscula (Table 3, Fig. 5). The curM 
locus is part of large gene cluster involved in the 
biosynthesis of curacin A, comprised of a nonribos-
omal peptide synthetase and multiple polyketide 
synthases (Chang et al., 2004). CurM is the only 
example of its type within the phototrophic bac-
teria. However, a protein harbouring a polyketide 
synthase:sulfotransferase fusion has also been 
reported from Pseudomonas entomophila (Table 
3). In the fourth structural type, represented by the 
GAF protein from Synechococcus sp. (Table 3), 
the SULT domain is fused with a GAF domain, 
involved in ligand binding in phytochromes and 
cGMP-dependent 3′,5′-cyclic phosphodiesterase 
(Fischer et al., 2005; Gross-Langenhoff et al., 
2006). The multitude of SULT sequences and mul-
tiplicity of protein domain architectures suggest 
the presence of a large variety of sulfated macro-
molecules and secondary metabolites in cyano-
bacteria and phototrophic bacteria, which are yet 
completely uncharacterized.

VII. Future Prospects 
in  Sulfotransferase Research

Structural and functional genomic approaches have 
demonstrated great potential for identifying enzymes 
catalyzing the sulfonation reaction. While only four 
plant SULT sequences were known 10 years ago, 
there are now more than 200. The acquisition of 
genomic information allowed developing powerful 
tools to study the biological function of the SULT-
coding genes. For example, a centralized database 
of A. thaliana microarray data provides researchers 
with valuable information to understand how SULT-
coding genes are regulated during development, in 
adaptation to stress, as well as in various mutant 
backgrounds. In addition, international efforts to 
produce collections of T-DNA insertion mutants 
may allow an assessment of in vivo gene func-
tion. Despite the availability of functional genomic 
tools, and although many plant SULTs have been 
expressed heterologously in the past few years, the 
catalytic activity of only a few has been demonstrated 
in vivo. The low abundance of functional studies 
conducted with SULTs from phototrophic bacte-
ria is even more dramatic. Studies conducted with 
A. thaliana so far illustrate the problems encoun-
tered when trying to assess the biochemical func-
tion of plant SULTs. In the case of DSG-SULTs, 
substrates could be predicted based on prior 
knowledge of glucosinolates accumulating in 
A. thaliana. However, no other sulfated metabo-
lites were known from this plant, making difficult 
the selection of potential substrates that could be 
assayed with the remaining 14 uncharacterized 
SULTs. Although the approach of testing a collec-
tion of potential substrates proved to be successful 
for the characterization of the hydroxyjasmonate 
SULT, it did not allow demonstrating unambigu-
ously the function of other SULTs present in 
A. thaliana. In future, unbiased metabolite profiling 
experiments will need to be conducted to resolve this 
problem. Specific protocols allowing the isolation 
and characterization of labile sulfated compounds 
by mass spectrometry will need to be developed, 
and systematically applied to have a more advanced 
understanding of the sulfonated compounds accu-
mulating in plants. This knowledge will greatly 
facilitate future studies to elucidate the biochemi-
cal function of the SULTs, and the biological sig-
nificance of the accumulation of their sulfonated 
 enzymatic products.
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Summary

Cysteine is the sulfur donor for a number of important cofactor biosynthetic pathways including the 
synthesis of iron–sulfur clusters, thiamine, biotin and molybdenum cofactor. NifS-like cysteine 
desulfurase enzymes are key components in these pathways, catalyzing the initial release of S from 
cysteine. NifS-like enzymes do not work alone but are the first component of a sulfur transfer pathway 
from cysteine to cofactor. In vivo, NifS-like cysteine desulfurases work in concert with assembly factor 
proteins to which they transfer the released S and which serve to regulate the cysteine desulfurase 
activity and orchestrate the delivery of S to downstream targets. In plants, the chloroplast localized 
iron–sulfur assembly machinery resembles at least in part a machinery that in bacteria is responsible for 
the synthesis of iron–sulfur clusters under oxidative stress and iron limitation. A similar system operates 
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I. Introduction

The amino acid cysteine plays an important role 
as a component of proteins and glutathione. In 
addition, cysteine is required for the synthesis of 
essential sulfur-containing cofactors. The sulfur 
in Iron–Sulfur [Fe–S] clusters, thiamine, molyb-
denum cofactor (Moco), lipoic acid and biotin is 
derived from cysteine, as is the S in some modi-
fied tRNA species. A key enzymatic activity in 
these reactions is provided by NifS-like cysteine 
desulfurase enzymes, which decompose cysteine 
to alanine and sulfide (see Fig. 1). The first of 
these pyridoxal 5′-phosphate (PLP) dependent 
enzymes identified was the NifS enzyme of Azo-
tobacter vinelandii which is required for the Fe–S 
cofactor assembly in dinitrogenase. It is now evi-
dent that NifS-like enzymes are ubiquitous and 
play key roles in the synthesis of a variety of S 
containing compounds and cofactors. Because 
free sulfur is potentially toxic, cells need to cou-
ple the biosynthesis of S-containing cofactors to 
the activation of S from cysteine (see Hell and 
Wirtz, chapter 4). Therefore, NifS-like enzymes 
pair up with downstream-acting protein partners 
that may serve to activate the cysteine desulfurase 
and that form sulfur transfer pathways mediating 
the transfer of S from cysteine into the various 
target compounds. We are just beginning to see 
how these cysteine desulfurase dependent sys-
tems are regulated. This chapter aims to review 
our current knowledge of cysteine desulfurase 
mediated sulfur activation pathways and its role 
in cofactor assembly, with emphasis on photo-
synthetic organisms.

II. Iron–Sulfur Cluster Assembly

A. Overview of Iron–Sulfur Cluster 
Function

Iron occurs in a large variety of cofactors, but we 
can distinguish three main groups: iron sulfur, 

heme plus siroheme, and finally non-heme iron. 
Iron–sulfur ([Fe–S]) clusters are an ancient class 
of prosthetic groups, consisting of iron and sulfur 
atoms. The architecture of various types of [Fe–
S] clusters is described by Beinert and coworkers 
(1997, 2000). As a protein cofactor, [Fe–S] clus-
ters are usually bound to polypeptides by covalent 
bonding between iron atoms of the [Fe–S] cluster 
and sulfur of cysteine residues in the polypeptide. 
An exception is the Rieske-type [2Fe-2S] cluster, 
in which one iron atom of the [Fe–S] cluster is 
coordinated to two histidines. Since the iron in 
[Fe–S] clusters can easily gain or lose an elec-
tron, switching between Fe2+ and Fe3+, [Fe–S] 
clusters are ideal cofactors for proteins that func-
tion in electron transport chains (photosynthesis 
and respiration) and catalyze redox reactions. 
Iron–sulfur clusters also act as catalytic centers, 
as sensors of iron and oxygen, and as regulators 
of gene expression (for a review see Beinert and 
Kiley 1999).

B. Iron–Sulfur Cluster Assembly Systems 
in Microbes

Iron–sulfur cluster assembly can be divided into 
three steps: (i) mobilization of S and Fe, (ii) cluster 
assembly, and (iii) insertion in apo-proteins. Many 
aspects of [Fe–S] cluster assembly are conserved from 
bacteria to eukaryotes. Much of the nomenclature 
for [Fe–S] assembly components is derived from 
bacterial systems where components were first 
discovered. To put the plant machinery in perspec-
tive we start here with a brief overview of micro-
bial [Fe–S] assembly systems. For more details 
about Fe–S assembly in microbes see reviews 
by Frazzon et al. (2002), Johnson et al. (2005) and 
Lill and Muhlenhoff (2005).

In bacteria, four machineries have been found 
to assemble [Fe–S] clusters, each of which is 
encoded by a gene cluster. The first Fe–S assem-
bly machinery studied in detail was the nif system 
of Azotobacter vinelandii, which is responsible 
for the formation of Fe–S clusters for dinitro-
genase, required under nitrogen fixation condi-
tions (Zheng et al., 1993). The A. vinelandii nif 
gene cluster includes a cysteine desulfurase 
(CysD) encoding gene, nifS, as well as the other 

Abbreviations: CysD – cysteine desulfurase; [Fe–S] – iron–

sulfur cluster; Moco – molybdenum cofactor; NiR – nitrite 

reductase; PLP – pyridoxal 5′-phosphate; SiR – sulfite 

reductase

in photosynthetic bacteria. While we are just beginning to unravel the mechanisms of S-dependent cofactor 
assembly systems it is already evident that these pathways play pivotal roles in cellular metabolism, and 
particularly are important to the function of plant plastids.
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genes nifU, iscAnif, nifV and cysE, all thought to 
be involved in Fe–S cluster formation. NifS-
like proteins are pyridoxal 5′-phosphate (PLP)-
dependent, enzymes that produce elemental sulfur 
from cysteine or selenium from selenocysteine, 
leaving alanine (Mihara et al., 1997; Mihara and 
Esaki 2002). Some enzymes also show activity 
with L-cystine as substrate and produce pyruvate, 
ammonia and elemental sulfur, via the forma-
tion of an enzyme complexed cysteine persulfide 
intermediate (Clausen et al., 2000). In vitro, most 
NifS-like enzymes show equal or higher activity 
on selenocysteine compared to cysteine.

On the basis of sequence similarity (Mihara 
et al., 1997) the NifS-like proteins are divided into 
group I (NifS/IscS-like) and group II (SufS-like) 
proteins. Purified group I enzymes efficiently use 
L-cysteine as a substrate and produce alanine and 
elemental sulfur as products via the formation of 
an enzyme bound cysteinyl persulfide intermedi-
ate (Zheng et al., 1994). Enzymes acting by this 
mechanism thus have high endogenous cysteine 
desulfurase activity. Purified group II enzymes 
have much lower cysteine desulfurase activity 
compared to selenocysteine lyase activity. The 
cysteine desulfurase activity of many of these 
enzymes is now known to be activated in vivo by 
other proteins.

A second NifS-like protein, IscS, occurs in A. 
vinelandii, and has a housekeeping function in 
the formation of cellular Fe–S proteins other than 
dinitrogenase (Zheng et al., 1998). The iscS gene 
is present in a gene cluster that contains paralogs 
of some of the nif genes (iscU, similar to the N-
terminus of nifU, and iscA); thus the nif and isc 
clusters share a similar organization (Zheng et 
al., 1998). The IscU- and perhaps IscA-like pro-
teins are thought to serve a scaffold function for 
the [Fe–S] cluster during its synthesis and before 

its transfer to the target protein, and conserved 
cysteines play a pivotal role in this process (Agar 
et al., 2000; Krebs et al., 2001). IscA may be an 
alternative scaffold for IscU because it can carry 
a transient [2Fe–2S] cluster, which subsequently 
can be transferred to ferredoxin or biotin synthase 
(Ollagnier-de-Choudens et al., 2004). However, 
alternative functions for IscA have been pro-
posed. Some studies supported a role of IscA 
as an iron-binding protein, which subsequently 
donates iron for the [Fe–S] cluster assembly on 
IscU (Ding et al., 2004a, 2004b, 2005). Other data 
support a role of IscA type proteins in iron sensing 
(see below). The Isc gene cluster further includes 
an Hsp70 and Hsp40 and a ferredoxin type pro-
tein. Based on work done in yeast mitochondria 
(Muhlenhoff et al., 2003), the Hsp type proteins 
may be involved in the transfer of clusters from 
IscU scaffold proteins with which they interact 
(for a review on eukaryotic [Fe–S] assembly 
with a focus on yeast, see Lill and Muhlenhoff, 
2005). Homologues of the nif/isc genes have been 
discovered in several other bacteria including E. 
coli (Zheng et al., 1998) and are also present in 
the mitochondria of eukaryotes (Lill and Kispal, 
2000), as described below.

A third set of genes involved in Fe–S cluster 
formation that was first described for E. coli and 
Erwinia chrysanthemi is present in the suf operon 
(Takahashi and Tokumoto, 2002). The suf operon 
of E.coli is upregulated in response to oxidative 
stress and iron-limitation (Zheng et al., 2001, 
Outten et al., 2004) whereas expression of the isc-
operon requires iron sufficient conditions. A major 
function of the suf-genes may be in protecting 
the cell from oxidative stress and iron starvation 
(Nachin et al., 2003; Outten et al., 2004). Besides 
a NifS-like protein (SufS/CsdB) the Suf operon 
encodes SufA, SufB, SufC, SufD and SufE. SufA 

Fig. 1. Overview of cysteine desulfurase dependent biosynthetic pathways.
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is related in sequence to IscAnif and IscA and may 
have a scaffold function (Ollagnier-de Choudens 
et al., 2003), while SufE was shown to activate 
SufS (Loiseau et al., 2003; Outten et al., 2003). 
SufC constitutes a non-intrinsic cytosolic member 
of the ABC domain transporter superfamily. SufC 
forms a complex with SufB and SufD but the pre-
cise biochemical role of this complex is not yet 
clear (Nachin et al., 2003; Outten et al., 2003).

Finally, a fourth bacterial [Fe–S] machinery 
may be present in Escherichia coli (Loiseau et al., 
2005). This simple gene cluster called csd is com-
posed of csdA and csdE. The csdA gene encodes a 
cysteine desulfurase (Mihara et al., 2000; Loiseau 
et al., 2005) and csdE encodes a SufE-like protein 
that activates the cysteine desulfurase. The Csd 
system is proposed to supply [Fe–S] clusters for 
quinolinate synthase, NadA (Loiseau et al., 2005).

C. Functions of [Fe–S] Proteins 
in Chloroplasts

Chloroplasts use [Fe–S] proteins in photosyn-
thetic electron transport, nitrogen and sulfur 
assimilation, and various other plastidic proc-
esses. In chloroplasts five cluster types have been 
found thus far. These [Fe–S] cluster types include 
[2Fe–2S] (found in for instance ferredoxin), 
Rieske-type [2Fe-2S] (found in the cytochrome-
b/f complex and TIC55, a protein involved in pre-
cursor import), [3Fe–4S] (found in FD-GOGAT or 
glutamate synthase), [4Fe–4S] (found in PSI and 
in ferredoxin dependent thioredoxin reductase), 
and finally siroheme-[4Fe–4S], a unique cofac-
tor in which the [4Fe–4S] is covalently bound to 
a siroheme (found in nitrite reductase and sulfite 
reductase). A more extensive overview of the 
various functions of iron–sulfur proteins in plants 
is given by Ye et al., (2006b). The function and 
synthesis of [Fe–S] proteins in plants (mitochon-
dria, plastids and cytosol) were reviewed recently 
by Balk and Lobreaux (2005).

D. [Fe–S] Cluster Biogenesis in 
Chloroplasts and Photosynthetic Bacteria

1. Overview

Iron–sulfur cluster insertion into apoferredoxin 
was observed in isolated spinach chloroplasts 
and chloroplast fractions (Takahashi et al., 1986). 

Moreover, in vitro synthesized ferredoxin acquires 
a [2Fe–2S] cofactor after it is imported into isolated 
pea chloroplasts (Li et al., 1990; Pilon et al., 
1995), suggesting that [Fe–S] clusters can be syn-
thesized within this compartment independent of 
cytosol or other sub-cellular organelles. Cysteine 
was identified as the source of sulfur for the in 
vitro insertion of a [Fe–S] cluster in ferredoxin 
(Takahashi et al., 1986, 1990). As a special-
ized system, the chloroplast [Fe–S] biosynthetic 
machinery has more recently been investigated 
using Arabidopsis thaliana as a model. With the 
availability of complete genome sequences of 
cyanobacterial species, the existence of NifS-like 
proteins, present in suf-type operons and possibly 
isc operons have been discovered largely by com-
paring the genomes of Synechocystes, with those 
of E.coli, A.vinelandii and A. thaliana.

2. Cysteine Desulfurase

Because cysteine is required as a source of sulfur, 
a cysteine desulfurase is an essential component 
of any [Fe–S] biosynthetic machinery. In Arabi-
dopsis, CpNifS (At1g08490) encodes a plastidic 
cysteine desulfurase (Leon et al., 2002; Pilon-
Smits et al., 2002). CpNifS converts cysteine to 
alanine and provides sulfur for [Fe–S] assembly. 
Like all other NifS-like proteins, CpNifS has also 
selenocysteine lyase activity. Its selenocysteine 
lyase activity is much higher than its cysteine 
desulfurase activity. CpNifS is a class II NifS-
like protein and most similar to SufS among all 
NifS-like proteins in Escherichia coli. CpNifS is 
essential for the [Fe–S] cluster formation activity 
of chloroplast stroma (Ye et al., 2005). In stroma, 
CpNifS is detected both in a 600 kDa complex 
and in dimeric form as indicated by gelfiltration 
(Ye et al., 2005). Repression of CpNifS expres-
sion by RNAi is lethal and causes a defect in the 
maturation of plastidic but not mitochondrial FeS 
proteins (Van Hoewyk et al., 2007).

CpSufE, a SufE-like protein encoded by 
At4g26500, is a cysteine desulfurase activator 
for CpNifS (Ye et al., 2006a). CpSufE forms a 
heterotetrameric complex with CpNifS, stimulat-
ing cysteine desulfurase activity 40–60-fold and 
increasing the substrate affinity of CpNifS toward 
cysteine. In vitro reconstitution experiments 
show that the CpNifS [2Fe-2S] cluster assem-
bly activity in ferredoxin is enhanced 20-fold 
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by CpSufE (Ye et al., 2006a). These activities 
need an essential cysteine residue in CpSufE, 
which is likely the acceptor site for intermediate 
sulfur. This cysteine is not required for binding 
to CpNifS. Therefore, excess cysteine-mutated 
SufE displays a dominant negative effect over the 
wild-type protein. CpSufE function is essential 
for seedling viability (Xu and Moller, 2006; Ye 
et al., 2006a). The subcellular location of SufE 
is a matter of interest. Whereas Ye et al. (2006a) 
detected the protein in chloroplasts by analyzing 
GFP-fusions as well as by immunoblotting, data 
presented by Xu and Moller (2006) suggest that 
in Arabidopsis CpSufE may have a dual localiza-
tion in both plastids and mitochondria. The dual 
localization reported by Xu and Moller (2006) 
is supported by GFP-fusions, complementation 
of a T-DNA KO only by intact precursor SufE 
or by both a mitochondrial targeted and plastid 
targeted SufE and by interaction of SufE with 
both CpNifS and the mitochondrial NifS, Nfs2. If 
correct, this would be the first reported case of a 
type-I, IscS-like, cysteine desulfurase acting with 
a SufE-like protein.

The cyanobacterium Synechocystis sp. PCC 
6803 has four NifS-like proteins. The genes 
slr0387 and sll0704 encode enzymes (Sscsd 1 & 
2) similar to NifS of A.vinelandii and IscS of E. 
coli. (Kato et al., 2000). They catalyze the des-
ulfuration of L-cysteine, producing alanine and 
elemental sulfur, and likely play an important role 
in [Fe–S] synthesis in this cyanobacterium. Typi-
cal for NifS-like proteins, the two enzymes also 
show selenocysteine lyase activity. Sscsd1 has a 
higher substrate specificity for L-selenocysteine 
and a much higher specific activity towards the 
selenium substrate. Sscsd1 and 2 also produced 
[2Fe-2S] in vitro that facilitated the formation of 
holoferredoxin (Kato et al., 2000). These cyano-
bacterial IscS related proteins most likely work in 
concert with an Isc-type assembly machinery.

In addition to the two iscS-like genes described 
above, Synechocystis sp. PCC 6803 also has genes 
encoding type-II NifS-like proteins. The slr2143 
gene encodes a cystine C-S lyase (Clausen et al., 
2000) and slr0077, encodes a protein which acts 
as both a cysteine desulfurase and cystine lyase 
(Kessler, 2004). Slr0077 is essential (Seidler et 
al., 2001) but the IscS-like type-I cysteine des-
ulfurases are not. Also called SufS, the Slr0077 
enzyme is most related in predicted protein 

sequence to the Arabidopsis chloroplast NifS-
like enzyme CpNifS (Pilon-Smits et al., 2002). 
Slr0077 shows cysteine desulfurase activity under 
reducing conditions and cystine lyase activity in a 
partially oxidizing environment (Kessler, 2004). 
This twin reaction mechanism of Slr0077 might 
be a significant feature of [Fe–S] synthesis in the 
cyanobacterium that responds to the redox status 
of the cell.

3. IscA and Nfu Scaffolds Proteins

CpIscA (At1g10500) may serve as a scaffold pro-
tein for [Fe–S] synthesis in plastids (Abdel-Ghany 
et al., 2005). After acquiring sulfur from cysteine 
via CpNifS and ferrous iron from media, CpIscA 
is able to assemble a [2Fe–2S] cluster resulting in 
dimeric holo-CpIscA in vitro. This holo-CpIscA 
can be isolated by gelfiltration holding its tran-
sient cluster. Upon incubation with apoferredoxin 
CpIscA can transfer its cluster, resulting in holo-
ferredoxin, which is then active when tested for 
electron transfer (Abdel-Ghany et al., 2005). The 
presence of the CpIscA scaffold improves the 
[2Fe–2S] reconstitution in ferredoxin. Interest-
ingly, CpIscA is mostly present in a Ð600 Kda 
chloroplast stromal complex, similar to CpNifS 
(Abdel-Ghany et al., 2005). Recent work by Yabe 
and Nakai (2006) reported that the chloroplast 
IscA in A.thaliana is a non-essential or redundant 
scaffold. The authors showed that a chloroplast 
Nfu-like protein called Nfu2 acts as an essential 
scaffold whose deficiency affected the production 
or accumulation of CpIscA. Thus CpIscA seems 
to operate downstream of NfU (see below).

In the cyanobacterium Synechocystis sp. PCC 
6803, sufA and sufE exist in a separate operon 
that is not contiguous with the other suf genes 
as is the case in E. coli (Wang et al., 2004). A 
recent and interesting report proposes a model 
for the function of the suf and isc regulons and 
the regulatory role of sufA and iscA in cyanobac-
teria (Balasubramanian et al., 2006). An iscA null 
mutant had upregulated expression of the suf and 
isc genes and isiA (a marker for iron limitation), 
meaning the iscA mutant mistakenly senses iron-
limitation under normal conditions and responds 
to it. Therefore iscA may be part of iron sensing 
and homeostasis in cyanobacteria (Balasubrama-
nian et al., 2006). The mRNA levels of suf genes 
were increased in a sufA null mutant during 
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oxidative stress (Balasubramanian et al., 2006). 
Therefore the Suf system has been proposed to 
be involved in [Fe–S] synthesis/repair under oxi-
dative stress. The cyanobacterial and Arabidop-
sis sufA homologs contain two additional highly 
conserved cysteine residues (absent in non-
photosynthetic bacteria) which could possibly 
act as a redox sensitive regulatory switch by 
reversible disulfide bond formation, and set in 
motion the suf, isc and possibly other factors 
of cyanobacterial [Fe–S] biosynthesis machin-
ery. This recent work by Balasubramanian et al. 
(2006) proposes new roles for iscA and sufA in 
iron homeostasis and oxidative stress response, 
in addition to the role of alternative scaffolds 
earlier assigned to them (Ollagnier de Choudens 
et al., 2004; Abdel-Ghany et al., 2005). In view of 
these recent reports and the cyanobacterial origin 
of chloroplasts, it would be interesting to look 
into the roles of IscA and/or SufA in iron sens-
ing/homeostasis and oxidative stress responses.

In addition to CpIscA, Nfu1–3 are scaf-
fold proteins active in chloroplasts (Leon et al., 
2003; Touraine et al., 2004; Yabe et al., 2004). 
Nfu1 (At4g01940) and Nfu2 (At5g49940) are 
able to restore the growth of a scaffold-mutated 
yeast, strain ∆isu1∆nfu1, suggesting a role as a 
scaffold. Recombinant Nfu2 contains a labile 
[2Fe–2S] cluster, which can be transferred to 
apo-ferredoxin resulting in holo-ferredoxin for-
mation (Leon et al., 2003; Yabe et al., 2004). The 
analysis of T-DNA insertion lines revealed that 
Nfu2 is required for assembling [4Fe–4S] clus-
ters of photosystem I and the [2Fe-2S] cluster of 
ferredoxin in chloroplasts (Touraine et al., 2004; 
Yabe et al., 2004). Interestingly, a subset but not 
all chloroplast [Fe–S] proteins are affected in the 
Nfu2 mutant, suggesting alternative scaffolds 
are functional in chloroplasts. Two more Nfu-
like proteins, Nfu4 and Nfu5, are located in mito-
chondria (Leon et al., 2003). Notably, proteins 
with similarity to the N-terminus of NifU (IscU-
like proteins) are all localized in mitochondria 
in Arabidopsis and are absent in plastids (Leon 
et al., 2005).

In cyanobacteria there is a gene denoted nfu 
encoding a protein similar to the C-terminal 
domain of NifU of A.vinelandii (Nishio and 
Nakai 2000). It was shown to be an essential scaf-
fold protein (Seidler et al., 2001, Balasubrama-
nian et al., 2006). On the other hand, null mutants 

of iscA, sufA and the iscA-sufA double mutant 
expressed wild-type levels of Nfu and growth 
rates comparable to wild-type under  normal 
conditions, iron-limited conditions, or oxidative 
stress (Balasubramanian et al., 2006).

4. Other Factors

Components of the SufBCD complex have been 
found in plants and are active in the plastids. In 
Arabidopsis, SufB (At4g04770) encodes a protein 
with ATPase activity (Xu et al., 2005). This gene 
can complement sufB deficiency in Escherichia 
coli. Arabidopsis SufC (At3g10670) is an ABC 
type ATPase (Xu and Moller, 2004), which can 
partially rescue growth defects in an Escherichia 
coli sufC mutant. Finally, the Arabidopsis SufD 
(At1g32500) encodes a protein with homology 
to the bacterial SufD, mutation of which results 
in impaired embryogenesis and abnormal growth 
of Arabidopsis (Hjorth et al., 2005). Like their 
 bacterial homologues, the chloroplast SufBCD 
proteins form a complex (Xu and Moller, 2004; 
Xu et al., 2005), displaying ATPase activity. 
Although it is likely that SufBCD play some role 
in [Fe–S] cluster biogenesis, the exact role in the 
process remains to be characterized not just in 
plants but in any organism.

Two additional components were identified 
in screens for mutants that are pleiotropically 
affected in photosynthesis. One such protein 
is HCF101 for High Chlorophyll Fluores-
cence (Stockel and Oelmuller, 2004). HCF101 
(At3g24430) encodes a protein with sequence 
similarity to P-loop ATPases (Lezhneva et al., 
2004). It is required for the biogenesis of [4Fe–4S] 
clusters for  photosystem I (PSI) and ferredoxin-
thioredoxin reductase (FTR) in chloroplasts. The 
exact biochemical function of HCF101 remains 
to be elucidated. Another factor which was origi-
nally identified in a photosystem I mutant screen 
is APO1 (Accumulation of Photosystem One1). 
APO1 (At1g64810) is a member of a novel 
gene family so far found only in vascular plants, 
(Amann et al., 2004). It is involved in the assem-
bly of [4Fe–4S] cluster-containing complexes of 
chloroplasts, e.g. PSI. However, a direct connec-
tion between APO1 and [Fe–S] assembly needs 
to be shown because the protein could also affect 
PS1 maturation without acting directly on [Fe–S] 
assembly.
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The existence of a complete suf operon has 
been reported in the cyanobacteria Synechocystis, 
Synechococcus and Anabaena (Wang et al., 
2004). DNA sequence comparison shows that 
the cyanobacterial sufBCDS cluster is homolo-
gous to the suf operon of E. coli (Wang et al., 
2004). The sufBCDS genes are cotranscribed in 
 Synechococcus sp. PCC 7002. A gene named 
sufR is located upstream of the sufBCDS cluster 
in cyanobacteria and has been proposed to be a 
transcriptional repressor of the operon (Wang et 
al., 2004). SufR has a DNA binding domain at its 
N-terminus and a metal binding region with con-
served cysteines at the C-terminus, which could 
be acting as a sensor of oxidative stress or iron 
limitation. sufR null mutants of Synechococcus 
sp. PCC 7002 had elevated transcript levels of 
sufBCDS compared to wild type and also showed 
higher growth rates under iron limitation (Wang 
et al., 2004).

Little is known about [Fe–S] biosynthesis 
mechanisms in other photosynthetic prokaryotes, 
though the existence of [Fe–S] clusters and hence 
their biosynthetic machineries can be predicted. 
The occurrence of nifS, nifU and ferredoxin as part 
of the nif gene cluster for maturation of [Fe–S] and 
Mo cofactor containing nitrogenase was reported 
in the photosynthetic bacterium Rhodopseu-
domonas palustris (Oda et al., 2005). Microarray 
data indicate upregulation of [Fe–S] assembly/
repair genes in a facultative  phototrophic bacte-
rium Rhodobacter sphaeroides upon exposure to 
hydrogen peroxide (Zeller et al., 2005).

5. Summary of Plastidic and Cyanobacterial 
[Fe–S] Assembly Systems

In summary, chloroplasts and photosynthetic 
 bacteria conserve a complete SUF-type machin-
ery, including homologs to all components 
encoded by the E. coli sufABCDSE gene cluster 
for [Fe–S] biogenesis. Because green chloroplasts 
produce saturated oxygen levels in the light, it is 
not  unexpected that a SUF-like system operates in 
chloroplasts. However, the complete chloroplast 
[Fe–S] machinery is more complex than bacte-
rial [FeS] assembly systems. The chloroplast 
system also includes three NifU-like proteins and 
HCF101, a protein that has no homologue in bac-
terial [Fe–S] machineries. Furthermore APO1, a 
protein that is unique in vascular plants is required 

for the accumulation of a subset of [Fe–S]  proteins 
in plastids. The severe phenotypes caused by 
mutations of individual machinery components 
point to the general importance and complexity 
of the chloroplast [Fe–S] machinery. For instance, 
loss of function mutants for CpNifS are inviable 
(Van Hoewyk et al., 2007). An insertion in SufE 
causes embryonic lethality (Xu and Moller, 2006; 
Ye et al, 2006a). Nfu2 T-DNA insertion mutants 
are dwarfed and yellowish (Touraine et al., 2004; 
Yabe et al., 2004). Abnormal plastid structure and 
impaired embryogenesis is observed for SufC or 
SufD mutants (Xu and Moller, 2004; Hjorth 
et al., 2005). Finally, seedling lethality and high 
 chlorophyll fluorescence is observed for HCF101 
mutants (Lezhneva et al., 2004).

6. The Integration of Iron and Sulfur 
Metabolism in Plastids

Because the CpNifS-dependent machinery 
 supplies [Fe–S] clusters for a range of chloroplast 
activities, plastid [Fe–S] biogenesis is essential for 
photosynthetic carbon fixation, nitrogen assimi-
lation, sulfur assimilation, and other  biosynthetic 
processes. Because of the importance of iron 
and sulfur assimilation for agricultural crops, 
the effects of the plastid [Fe–S] machinery on 
the homeostasis of iron and sulfur in plants is of 
 particular interest.

In Arabidopsis leaf tissue, about 70% of 
the iron is located in chloroplasts and at least 
half of that iron is associated with thylakoids 
(Shikanai et al., 2003). Fe2+ transport across the 
 chloroplast inner envelope membrane is meas-
urable, and determined to be light- dependent. 
Furthermore, Fe2+ transport across inner enve-
lope membrane is stimulated by an electro-
chemical proton gradient, and reduced by 
negating the potential gradient, suggesting that 
iron transport into chloroplasts is via a Fe2+/H+ 
symport mechanism (Shingles et al., 2002). In 
thylakoid membranes, iron is predominantly 
used for electron transfer. Approximately half 
of the thylakoid iron is in the photosystem I in 
form of [4Fe–4S] clusters. The remaining half is 
present as non-heme iron, iron in cytochromes 
in the form of heme and Rieske-type [2Fe–2S] 
clusters (Raven et al., 1999). In the stroma, iron 
is used in [Fe–S] clusters, hemes, and non-heme 
iron in for instance Fe–SOD. Because excess 
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free iron would be toxic, surplus iron is stored 
in stromal ferritin (Petit et al., 2001). Because 
iron is one of the most limiting micronutrients 
to plants yet potentially toxic in excess, we 
expect a sophisticated homeostasis mechanism 
to control cellular iron, particularly in plastids. 
Would there be cross-talk between the various 
biosynthetic pathways that involve Fe cofactors 
in plastids? We consider this more than likely 
and possible interactions are indicated in Fig. 2. 
The pathways for inserting iron in non-heme Fe 

proteins such as FeSOD are largely unknown. 
However, much is known about the synthesis 
of heme and siroheme cofactors, which are pro-
duced through the tetrapyrrole pathway start-
ing from glutamate. This pathway also serves 
to synthesize chlorophyll A and B (for review 
see Cornah et al., 2003). Feedback regulation 
in the tetrapyrrole pathway is well established. 
Heme accumulation may be an important factor 
in this process. Furthermore, the accumulation 
of the intermediate Mg-protoporphyrin IX is in 
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all likelihood an important signal affecting the 
expression of nuclear genes for chloroplast pre-
cursor proteins (Cornah et al., 2003). Finally, 
there may be cross-talk between [Fe–S] assem-
bly and heme synthesis because ferrochelatase 
activity is downregulated in [Fe–S] assem-
bly mutants, at least in mitochondria of yeast 
(Lange et al., 2004); a similar regulation may 
occur in plastids. Cross-talk is also suggested 
by the phenotype of the laf6 (= SufB) mutant of 
Arabidopsis, which accumulates protoporphy-
rin IX an intermediate in chlorophyll and heme 
synthesis (Moller et al., 2001).

The plastid is also a key compartment for 
sulfur assimilation from sulfate to cysteine (for 
reviews see: Hawkesford, 2007; Hell and Wirtz, 
2007). Notably, out of four enzymes involved in S 
assimilation in plastids, two are [Fe–S] proteins: 
APS reductase and sulfite reductase (SiR) (Fig. 
2). Thus, sulfur assimilation is likely dependent 
on the plastid [Fe–S] machinery. The step cata-
lyzed by sulfite reductase is even more depend-
ent on the [Fe–S] assembly machinery. This 
enzyme employs a unique siroheme-[4Fe–4S] as 
its prosthetic group, requiring not only a direct 
incorporation of a [4Fe–4S] cluster but also a siro-
hydrochlorin ferrochelatase (SirB), which is also 
a [2Fe–2S] protein, for synthesizing the siroheme. 
Moreover, the six electron reduction catalyzed 
by SiR needs ferredoxin, a [2Fe–2S] protein, for 
providing electrons. Thus, the SiR-catalyzed step 
in sulfur assimilation is completely dependent on 
the plastid [Fe–S] machinery, strongly suggesting 
a central role of the [Fe–S] machinery in plastid 
sulfur homeostasis.

E. Function and Assembly of Fe–S 
Clusters in Plant Mitochondria and Cytosol

Iron sulfur clusters play crucial roles in mito-
chondrial function. For instance, aconitase, a key 
enzyme in the Krebs cycle in the matrix, is an 
Fe–S protein. Furthermore respiratory electron 
transport chain complexes I, II and III all have 
Fe–S cofactors (for review see Balk and Lobreaux, 
2005). In Arabidopsis, a second cysteine desul-
furase, Nfs2, is present in mitochondria (Kushnir 
et al., 2001), where another [Fe–S] biogenesis 
machinery is present. In addition, a third cysteine 
desulfurase activity is found in the cytosol 
(Heidenreich et al., 2005). This activity is due to 

the NifS-like domain of the ABA3 protein, which 
functions in Moco synthesis and is most likely 
not relevant to [Fe–S] synthesis. Work in yeast, 
which can grow anaerobically using fermenta-
tion, suggested that Fe–S cluster formation is the 
only essential function of mitochondria (Lill and 
Kispal, 2000) and cytosolic Fe–S clusters depend 
on the mitochondrial Isc machinery involving 
homologues of the genes encoded by the nif/isc 
clusters of bacteria. The yeast mitochondrial 
NifS-like protein, IscS, is essential for this rea-
son (Kispal et al., 1999). A similar mitochondrial 
machinery, dependent on Nfs2, may be present in 
plants (Kushnir et al., 2001).

In Arabidopsis the mitochondrial ABC trans-
porter Sta1 could be involved in the transport of 
[Fe–S], or an unknown precursor of these clusters, 
from mitochondria to the cytosol (Kushnir et al., 
2001). The sta1 mutants were dwarfed, chlorotic, 
had distorted nuclei, and accumulated higher 
amounts of free (non heme, non protein) iron in 
mitochondria and showed increased expression 
of mitochondrial cysteine desulfurase: effects 
collectively known as the ‘starik’ phenotype 
(Kushnir et al., 2001). Sta1 is a functional ortholog 
of Atm1p, the mitochondrial ABC transporter in 
yeast (Kushnir et al., 2001). Complementation 
of mutant atm1 yeast cells with Arabidopsis Sta1 
restored maturation of cytosolic [Fe–S] protein 
Leu1p (Kushnir et al., 2001). However, in Ara-
bidopsis sta1 mutants, the activities of cytosolic 
and mitochondrial isoforms of aconitase were 
similar to wild type, probably due to the presence 
of redundant mitochondrial ABC transporters 
such as Sta2 and Sta3 that perhaps compensated 
the loss of Sta1. The starik phenotype is thought 
to be a pleiotropic effect resulting from an 
imbalance in the intracellular iron homeostasis 
(Kushnir et al., 2001). This report indicates that 
there is a mechanism of iron movement between 
mitochondria and cytosol and that [Fe–S] gener-
ated in mitochondria could be exported to cytosol 
for the maturation of cytosolic Fe–S proteins as 
seen in atm1 yeast cells (Kushnir et al., 2001). In 
that case, there could be scaffold proteins in the 
cytosol that help transfer mitochondrial [Fe–S] to 
cytosolic apoproteins. The mechanisms for the 
maturation of cytosolic [Fe–S] proteins remain to 
be elucidated.

The existence of Fe–S proteins in the cytosol 
(e.g. an aconitase) raises the question if there is 
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a separate machinery for the synthesis of [Fe–S] 
clusters and their incorporation into cytosolic 
apo-proteins. We do not yet know of a cytosolic [Fe–S] 
assembly system in plants. Recently, compo-
nents of such a machinery have been reported 
in mammalian (Pondarre et al., 2006; Tong and 
Rouault 2006) and yeast cells (Balk et al., 2004, 
2005; Hausmann et al., 2005). A matter of debate 
is the presence of an IscS activity in the cytosol 
or nucleus. The observation in yeast that IscS is 
required for the thio-modification of cytoplasmic 
tRNA in vivo, strongly supports the presence of IscS 
outside the mitochondria (Nakai et al., 2004).

III. Iron–Sulfur Cluster Dependent 
Cofactor Assembly Pathways

A. Radical SAM Enzymes

Radical SAM enzymes are [4Fe–4S] containing 
proteins that use S-adenosyl methionine (SAM) as a 
cofactor (Layer et al., 2004). These enzymes form a 
superfamily of proteins that now includes more than 
600 members, present in a diverse group of organ-
isms from bacteria to plants and humans (Sofia et 
al., 2001). The functions supported by radical SAM 
proteins so far identified include a diverse set of 
reactions such as sulfur transfer reactions, heme 
and chlorophyll biosynthesis, ring forming reac-
tions like thiazole formation, antibiotic and her-
bicide biosynthesis and DNA repair (Sofia et al., 
2001). The activities of most SAM radical enzymes 
are extremely oxygen sensitive. All these enzymes 
contain a [4Fe–4S] cluster which is thought to be 
the main catalytic site (Walsby et al., 2005). Some 
enzymes like biotin synthase and lipoyl synthase 
have an additional [2Fe–2S] cluster. Other 
examples of the radical SAM enzymes identified 
are HemN (oxygen independent coproporphyrino-
gen synthase, involved in tetrapyrrole biosynthesis), 
Biotin synthase, MoaA (involved in molybdenum 
cofactor biosynthesis), littorine mutase (an alkaloid 
generating enzyme in Datura) and HydE/G, two 
enzymes required for the maturation of an Fe-
hydrogenase in the chloroplast of Chlamydomonas 
reinhardtii (Layer et al., 2005). This large class of 
iron–sulfur proteins is probably very important 
for plant metabolism, but thus far only few radical 
SAM enzymes have been characterized in plants 
and other photosynthetic organisms.

A characteristic feature of the radical SAM 
superfamily members is the presence of a con-
served three-cysteine motif binding the [4Fe–4S] 
cluster. Three of four iron atoms bind to the 
three cysteines. The fourth iron, bound to a non-
cysteine ligand, provides a unique site for coordi-
nation with the cofactor S-adenosyl methionine. 
Electron transfer from the iron–sulfur cluster to 
SAM results in SAM cleavage and generates a 
highly reactive 5′-deoxyadenosyl radical that 
abstracts a H atom from the substrate and initi-
ates the reaction, a feature common to all SAM 
radical enzyme catalysed reactions (Walsby 
et al., 2005).

It is obvious that this important class of 
enzymes must depend on the iron–sulfur synthe-
sis machinery for their [Fe–S] clusters. However, 
to date the processes involved in formation and 
transfer of [Fe–S] to SAM radical proteins have 
not been studied in detail. In one report the SAM 
radical enzyme lipoyl synthase from E.coli when 
coexpressed with the A.vinelandii Isc operon is 
active without in vitro reconstitution (Cicchillo et 
al., 2004). It would be interesting to investigate 
if a specialized mechanism exists for the [Fe–S] 
supply to SAM radical proteins.

B. Biotin Synthesis

Biotin, a member of the vitamin B family is 
a water soluble cofactor for certain enzymes 
involved in fatty acid and carbohydrate metabo-
lism. Biotin could also be involved in modulating 
gene expression (Che et al., 2003). Plants and 
bacteria possess a similar biosynthetic pathway 
(Schneider and Lindqvist, 2001) for the synthe-
sis of this essential nutrient. The mechanism of 
biotin synthase reaction has been well stud-
ied in E. coli. Biotin synthase, also known as 
BioB contains a [4Fe–4S] and a [2Fe–2S]. It 
is a radical SAM enzyme requiring S-adeno-
syl methionine as a cofactor. The [2Fe–2S] is 
proposed to be the immediate sulfur donor to 
dethiobiotin (Jameson et al., 2004), resulting in 
the loss of sulfur from the [2Fe–2S] and conse-
quent inactivation of the enzyme. In vitro, NifS 
from A.vinelandii and C-DES from Synechocystis 
could mobilize sulfur from cysteine for recon-
stitution of the [2Fe–2S] into the apoprotein of 
E. coli biotin synthase and restore its activity 
(Bui et al., 2000).
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In plants, biotin synthesis occurs in the cytosol 
and mitochondria. The last step involves the 
conversion of dethiobiotin to biotin and involves 
the insertion of a sulfur atom into dethiobiotin. 
The enzyme catalyzing this reaction, biotin syn-
thase, occurs in the mitochondrial matrix (Baldet 
et al., 1997). The identity of the sulfur donor in 
plants remains unknown but based on analogy 
with bacterial systems this may involve S from a 
2Fe–2S cluster, ultimately derived from cysteine 
and activated via the mitochondrial NifS-like 
enzyme. Indeed it has been shown that in Ara-
bidopsis mitochondria, biotin synthase requires 
other mitochondrial components for its activity 
(Picciocchi et al., 2003). It is highly probable 
that mitochondrial cysteine desulfurase, using 
cysteine as the substrate could replenish sulfur 
for [2Fe–2S] of biotin synthase.

C. NAD Synthesis

NAD and NADP are important coenzymes in bio-
logical redox reactions. In all NAD biosynthetic 
pathways known thus far, quinolinate is a precur-
sor of nicotinic acid, which is a component of 
NAD. Quinolinate is synthesized from aspartate 
or tryptophan. In the aspartate pathway, aspartate 
is oxidized by L-aspartate oxidase (product of the 
NadB gene) to iminoaspartate, which is converted 
to quinolinate by the enzyme quinolinate synthase 
(NadA). NadA has been characterized in E. coli. 
It is a [4Fe-4S] containing enzyme. The iron–sul-
fur cluster is sensitive to oxygen and is essential 
for the quinolinate synthase activity (Ollagnier-de 
Choudens et al., 2005). An E. coli strain lacking 
IscS was unable to synthesize NAD, and required 
nicotinic acid for growth (Lauhon and Kambam-
pati 2000). A recent report (Katoh et al., 2006) 
shows that in Arabidopsis NadA, along with two 
other enzymes of the aspartate to quinolinate 
pathway (NadB and quinolinate phosphoribosyl 
transferase) is essential. T-DNA disruption of the 
corresponding genes was embryonic lethal. The 
three proteins were found to be located in the plas-
tid (Katoh et al., 2006). Most likely, the Arabi-
dopsis plastid NadA is also an iron–sulfur protein 
like its E. coli counterpart, and could be sensitive 
to oxidative stress and plastid iron status. There-
fore this enzyme could be a link between NAD 
synthesis, redox status and photosynthesis in 
chloroplasts. The Arabidopsis NadA protein has 

an extra amino terminal SufE-like domain that 
may provide SufE activity to recruit and enhance 
the cysteine desulfurase CpNifS specifically for 
the activation of quinolinate synthase.

IV. Synthesis of Thiamine

Thiamine or vitamin B1 is an essential cofactor 
in all cells. Thiamine consists of pyrimidine and 
thiazole moieties. The mechanism of biosynthe-
sis of this essential vitamin, especially its thiazole 
ring has been a matter of interest over the past 
15 years (Julliard and Douce, 1991; Belanger 
et al., 1995; Park et al., 2003; Dorrestein et al., 
2004). In higher plants, the chloroplast is a site of 
thiamine synthesis. When stromal proteins from 
spinach chloroplasts were incubated with sub-
strates such as glyceraldehyde-3-phosphate, pyru-
vate, tyrosine, cysteine and MgATP, thiazole was 
synthesized in vitro (Julliard and Douce, 1991). 
Stromal proteins formed thiamine when provided 
with thiazole and pyrimidine moieties, showing 
that chloroplast stroma has all the enzymes and 
substrates required for thiazole synthesis and 
condensation of thiazole and pyrimidine, to form 
thiamine (Julliard and Douce, 1991).

Cysteine is an essential substrate for thiazole 
formation. It is quite likely that the chloroplast 
NifS is involved in the mobilization of sulfur from 
cysteine, for thiazole synthesis. It has been shown 
in bacterial systems that in addition to the compo-
nents of a multi-enzyme complex involved in the 
biosynthesis of the thiazole ring (Leonardi et al., 
2003), a NifS-like protein is essential, along with 
cysteine and other substrates for in vitro thiazole 
synthesis (Park et al., 2003, Leonardi and Roach, 
2004). An E.coli IscS-deletion strain required 
thiazole in the medium for growth (Lauhon and 
Kambampati, 2000). Recently, a thiazole biosyn-
thetic enzyme Thi1 has been identified in A. thal-
iana, that seems to be targeted to both chloroplasts 
and mitochondria (Ribeiro et al., 2005). It would 
be interesting to know if thiamine is synthesized 
in both chloroplasts and mitochondria since both 
organelles contain cysteine desulfurases.

V. Synthesis of Molybdenum Cofactor

Plants have only four Mo requiring proteins: 
nitrate reductase, xanthin dehydrogenase, and 
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aldehyde oxidase are active in the cytosol while 
sulfite oxidase is most likely active in peroxisomes 
(Mendel and Hansch, 2002). With the exception 
of bacterial nitrogenase, all biologically active 
Mo occurs in a special pterin-derived cofactor 
termed molybdenum cofactor or Moco, which 
is assembled in the cytosol (Mendel, 2005). In 
plants, MoCo deficiency leads to reduced nitrate 
reductase activity and N depletion, as well as 
reduced phytohormone synthesis (Mendel and 
Hansch, 2002). The studies performed in plants 
have significantly contributed to what we know 
about Moco synthesis and this is now one of 
the best-understood cofactor assembly systems 
(Mendel, 2005). Seven enzymes are required for 
Moco synthesis in plants (see Fig. 3). The bac-
terial homologue of the first of these enzymes, 
Cnx2, is called MoaA and is a member of the 
radical SAM enzyme family in bacteria. There-
fore, since radical SAM enzymes are [4Fe–4S] 
enzymes, we can expect that the activity of the 
Fe–S assembly machinery is required for Moco 
synthesis. The conversion of precursor-Z to 
molybdopterin involves the insertion of two S 
atoms, that will later hold Mo in Moco. Presently 
the source of these two S atoms is unknown, but it 
can be speculated that they derive from cysteine. 
The insertion of molybdenum in the molybdop-
terin skeleton requires the CNX1 protein. The 
structure of CNX1 with the molybdopterin bound 
revealed that the enzyme makes an adenylated 
intermediate, molydopterin-AMP, which was 
found to be bound to the enzyme. Furthermore, 
Cu was found to be bound to the sulfhydryls of 
the molybdopterin moiety and it was suggested 
that the presence of Cu served to protect the thiols 
and facilitate Mo insertion (Kuper et al., 2004). 
The activities of xanthin dehydrogenase and 
aldehyde oxidase require a special modification 
of Moco: the replacement of O by S to form sul-
furated Moco (see Fig. 3). The S for this modifi-
cation is derived from cysteine. In Arabidopsis, 
a specialized cytosolic enzyme, ABA3 catalizes 
this reaction (Xiong et al., 2001; Heidenreich 
et al., 2005). ABA3 contains a PLP containing 
NifS-like domain required specifically for this 
activation. ABA3 is the 3rd NifS-like enzyme in 
Arabidopsis, next to CpNifS and mitochondrial 
Nfs2. The activity of ABA3, which is induced by 
drought stress and cold treatment, may regulate 

the activities of xantine dehydrogenase and alde-
hyde oxidase and therefore cellular phytohor-
mone levels through this sulfurylation step.

VI. Conclusions and Outlook

Cysteine is the sulfur donor in a wide spectrum 
of biosynthetic reactions mediated by NifS-
like and PLP-dependent cysteine desulfurase 
enzymes. This is a critical role of cysteine next 
to its role as an amino acid subunit of peptides 
and proteins. A central role of cysteine desul-
furases is in the synthesis of [FeS] clusters and 
other S containing cofactors. Because [FeS] con-
taining enzymes play such pivotal roles in assimi-
lation reactions (including those for sulfur) and 
in the biosynthesis of other cofactors acting both 
as catalysts but also as non-catalytic donors, 
using transient [FeS] clusters, the machinery for 
[FeS] synthesis is essential. Iron–sulfur clusters 
are ancient cofactors that probably evolved very 
early in the evolution of life or even before that 
time in a reducing atmosphere where these clusters 
may have formed spontaneously. The accumula-
tion of oxygen, due to oxygenic photosynthesis, 
presented cells with a challenge with respect 
to their [FeS] assembly because the clusters 
are very sensitive to oxygen. Several types of 
NifS-like protein dependent [FeS] machinery, per-
haps with different sensitivities to oxygen have 
evolved. We still have not identified all the com-
ponents needed for [FeS] and other S contain-
ing cofactors but we are getting closer. Once all 
components are known we can try to understand 
the regulation of cysteine desulfurase depend-
ent pathways and how cofactor assembly and 
cysteine availability for protein synthesis are 
balanced.
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Summary

Uptake of sulfate from the environment is critical for sulfur metabolism as it controls the quantity of 
sulfur to be distributed through the metabolic pathways. Similar to the uptake systems for other nutrient 
ions, transport of sulfate can be resolved into high- and low-affinity phases. Sulfur limitation stimu-
lates the high-affinity sulfate transport system that essentially facilitates the uptake of sulfate in roots. 
Apparently, the induction of sulfate uptake by sulfur limitation is driven by demands of sulfur. Recent 
molecular biological studies have unveiled some important aspects behind the regulatory cascades of 
plant sulfur response and sulfate assimilation. In this review, we describe the regulatory steps controlling 
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sulfate uptake and assimilatory metabolism in Arabidopsis thaliana, and further discuss on the networks 
of metabolic and hormonal regulation based on recent findings that deal with transcriptome and metabo-
lome data analyses.

I. Sulfate Transport Systems in Plants

A. Sulfate Transporter Gene Family

As described in recent reviews, Arabidopsis 
genome encodes 12 distinct sulfate transporter 
genes that are classified into 4 functional groups 
(Buchner et al., 2004b; Takahashi et al., 2006). 
All 12 isoforms of sulfate transporters from Ara-
bidopsis are structurally similar to the one first 
identified from Stylosanthes hamata by functional 
complementation of a yeast sulfate transporter 
mutant (Smith et al., 1995). Two additional homo-
logues representing the group 5 members (Buchner 
et al., 2004b) appear to have low sequence simi-
larity to sulfate transporters, though the exact 
functions have been remained unverified. Like-
wise the case of other nutrient transporters, mul-
tiplicities of isoforms may reflect complexities 
of the whole-plant sulfate transport systems in 
vascular plants. In fact, the functionality and 
localization of sulfate transporters are diversified 
among the isoforms, which lead us to set out for 
physiological characterization and dissection of 
the functions of individual transport components 
using T-DNA insertion mutants of Arabidop-
sis (Takahashi et al., 2006). The following two 
sections summarize the roles of individual trans-
porters that correspond to the uptake and internal 
transport systems that have been verified from the 
analysis of T-DNA insertion mutants. In addition 
to this review article, general features of plant 
sulfate transport systems have been described by 
Hawkesford in Chapter 2.

B. Uptake of Sulfate

The initial uptake of sulfate occurs at the root 
surface. Earlier physiological studies suggested 
the high-affinity kinetics (phase I) of sulfate 
uptake system predominates under sulfur limited 
condition (Clarkson et al., 1983; Deane-Drum-

mond, 1987). The high-affinity sulfate trans-
porters that correspond to this sulfur-limitation 
inducible transport system are represented by 
the Group 1 members (Takahashi et al., 2006). 
The first isolated cDNAs, SHST1 and SHST2, 
from Stylosanthes hamata were able to comple-
ment the yeast sulfate transporter mutant, and 
exhibited saturable kinetics of sulfate uptake 
with micromolar Km values (Smith et al., 1995). 
In addition, the SHST1 and SHST2 mRNAs 
accumulated in root tissues when plants were 
starved for sulfate. The Arabidopsis SULTR1;1 
and SULTR1;2 showed similar characteristics 
(Takahashi, et al., 2000; Shibagaki et al., 2002; 
Yoshimoto et al., 2002). They were localized in 
the root hairs, epidermis and cortex of roots, and 
their transcripts were significantly accumulated 
during sulfur limitation. The uptake of sulfate 
and the overall sulfur status was significantly 
affected by deletion of SULTR1;2, suggesting 
this transporter plays a major role in facilitat-
ing the uptake of sulfate in Arabidopsis roots 
(Maruyama-Nakashita et al., 2003). In addition, 
induction of SULTR1;1 mRNA in the sultr1;2 
mutant indicates compensatory and demand-
driven regulation of this isoform. Presence of 
the inducible isoforms of high-affinity sulfate 
transporters appears to be common in various 
plant species (Howarth et al., 2003; Buchner 
et al., 2004a, 2004b), which may allow flexible 
adaptation to fluctuating sulfur conditions in 
the environment.

C. Internal Transport of Sulfate

Pathways that mediate internal translocation of 
sulfate are complicated and are not completely 
resolved. However, studies using the knockouts 
of Arabidopsis sulfate transporters suggested 
several potential components that facilitate dis-
tribution of sulfate through the vasculature. In 
Arabidopsis, a low-affinity sulfate transporter, 
SULTR2;1, is suggested to play a pivotal role 
in controlling transport of sulfate at xylem 
parenchyma cells (Takahashi et al., 1997, 2000; 

Abbreviations: OAS – O-acetyl-L-serine; SULTR – sulfate 

transporter; SURE – sulfur responsive element



Awazuhara et al., 2005). SULTR2;1 was strictly 
regulated by sulfur status, exhibiting dras-
tic induction of its mRNA in the roots of sul-
fur-starved plants. In addition to regulation of 
its transcript levels, the activity of SULTR2;1 
was modulated by the presence of a co-localizing 
component, SULTR3;5, in the pericycle and 
xylem parenchyma cells of roots (Kataoka 
et al., 2004a). For sufficient transport of sulfate from 
root tissues to shoots, release of sulfate pools 
from vacuoles was an additional rate-limit-
ing step under sulfur-limited conditions. The 
tonoplast-localizing sulfate transporters that 
serve for this essential step were encoded 
by SULTR4;1 and SULTR4;2 in Arabidopsis 
(Kataoka et al., 2004b). Both were inducible by 
sulfur limitation, and T-DNA insertion mutants 
showed accumulation of sulfate in the vacuoles, 
leading to a significant decrease in distribution 
of the incorporated sulfate to shoots. Besides 
root-to-shoot transport, source-to-sink trans-
port is suggested to be important for alloca-
tion of sulfur storage from old to young tissues 
(Bourgis et al., 1999; Herschbach et al., 2000). 
In Arabidopsis, the function of a phloem-local-
izing component of sulfate transport system has 
been evidenced from the analysis of knockout 
mutant. SULTR1;3, the third member of high-
affinity sulfate transporters, was localized in the 
companion cells of transport phloem, and was 
essentially required for the movement of sulfate 
from cotyledons to shoot meristems and roots in 
Arabidopsis (Yoshimoto et al., 2003).

II. Regulation by Sulfur

A. Demand-Driven Regulation

The external supply of sulfate is primarily impor-
tant for regulation of sulfate uptake and assimila-
tion (Leustek et al., 2000; Saito, 2004; Takahashi 
et al., 2006). Particularly, high-affinity sulfate 
transporters that facilitate the initial uptake of 
sulfate in roots are strictly regulated by sulfate 
availabilities (Takahashi et al., 2000; Yoshimoto 
et al., 2002; Shibagaki et al., 2002; Maruyama-
Nakashita et al., 2004a, 2004c). In addition to 
sulfate, metabolites of sulfur assimilatory path-
ways are known to have major impacts on gene 
expression of sulfate transporters. When sulfate is 

adequately or excessively supplied from the envi-
ronment, plants may synthesize cysteine, methio-
nine and glutathione, causing feedback regulation 
of the uptake of sulfate. On feeding experiments, 
excessive application of cysteine and glutath-
ione led to a drastic decrease of sulfate uptake 
activity in roots (Smith et al., 1997; Vidmar 
et al., 2000). In Arabidopsis, decrease of sulfate 
uptake is attributable to repression of SULTR1;1 
and SULTR1;2, both being down-regulated sig-
nificantly in the presence of thiols in the medium 
(Maruyama-Nakashita et al., 2004c, 2005). In 
addition to the high-affinity sulfate transporters 
that facilitate the initial sulfate uptake, transcripts 
of SULTR2;1 low-affinity sulfate transporter was 
regulated under a similar scheme (Vidmar et al., 
2000). A split-root experiment suggests repres-
sive signals can be translocated from distant 
organs through phloem (Lappartient et al., 1999). 
These results suggest that sulfate uptake and vas-
cular transport are both controlled in a demand-
driven manner not only by a local signal but also 
by systemic requirement of sulfur (Lappartient 
et al., 1999; Herschbach et al., 2000).

B. The Action of a Cysteine Precursor

O-acetyl-L-serine (OAS), the precursor of 
cysteine synthesis, positively affects the expres-
sion of high-affinity sulfate transporters (Smith 
et al., 1997; Maruyama-Nakashita et al., 2004c). 
In barley, induction of HVST1 sulfate transporter 
by OAS was accompanied with increase in sulfate 
uptake activities (Smith et al., 1997). In addition, 
transcripts for adenosine 5′-phophosulfate reductase, 
the pivotal enzyme that controls the flux of sul-
fur through the sulfate assimilation pathway 
(Vauclare et al., 2002), were induced by the addi-
tion of OAS to the medium after nitrogen starva-
tion (Koprivova et al., 2000). From these findings, 
one may postulate that OAS could provide signals 
of sulfur limitation response. Identification of an 
OAS accumulating Arabidopsis mutant, osh1, 
which stimulates the activity of sulfur limitation-
responsive promoter of β-conglycinin β-subunit, 
supports this regulatory model (Ohkama-Ohtsu 
et al., 2004). Furthermore, microarray studies and 
other expression analysis indicate that feeding of 
OAS gives a pattern of gene expression profile 
that mimics sulfur limitation (Hirai et al., 2003, 
2004). However, a time-course measurements of 
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tissue OAS contents indicates that induction of 
sulfate transporter precedes accumulation of OAS 
under sulfur limitation (Hopkins et al., 2005). 
This contrasts with the hypothesis placing OAS 
as a signal mediator that triggers up-regulation of 
sulfur assimilatory pathways, questioning when 
and how the accumulation of OAS serves for 
regulation of gene expression in sulfur-starved 
plants. Excessive accumulation of OAS simply 
may imply disturbance of cysteine synthesis by 
limited supply of sulfide under prolonged sulfur 
starvation (Hopkins et al., 2005). Biochemical 
studies indicate that OAS has an ability to con-
trol the activity and structure of cysteine syn-
thase complex (Wirtz et al., 2004). The enzyme 
complex is dissociated and associated reversibly 
by OAS and sulfide, respectively. The two dif-
ferent states provide production of cysteine by 
free OAS(thiol)lyase or synthesis of OAS by the 
cysteine synthase complex that is reconstituted 
under an excess of sulfide over OAS. Apparently, 
a switching mechanism exists for the control 
of cysteine synthesis. Verification of these con-
ceptual models hypothesizing the OAS actions 
awaits further investigation.

III. The cis-Acting Element of Sulfur 
Response

Cumulative information from the molecular 
biological works on plant sulfur response pro-
vided us with a notion that numbers of sulfur-
responsive genes are coordinately regulated for 
metabolisms and probably for stress mitigation. 
A basic question arose here whether all these 
genes are regulated by sulfur under the same 
mechanisms? Transcriptional regulation of yeast 
MET genes is a well characterized example of 
sulfur response (Thomas and Surdin-Kerjan, 
1997). MET genes that encode the enzymes 
for assimilatory sulfur metabolism have com-
mon cis-acting elements within their 5′-regions 
that are capable of binding the components of 
transcription factors regulated by availability of 
S-adenosylmethionine. Unlike this highly organ-
ized regulatory system in yeast, higher plants 
must have developed more complicated mech-
anisms, as has been anticipated from several 
modes of metabolic and plant hormone-medi-
ated regulation discussed further in this article.

For the plant sulfur response, a sulfur-respon-
sive cis-acting element, SURE, is reported from 
Arabidopsis. SURE is a 7-bp sulfur-responsive 
element identified in the 5′-region of Arabidopsis 
SULTR1;1 sulfate transporter gene (Maruyama-
Nakashita et al., 2005). Measurements of reporter 
activities of a series of promoter deletion con-
structs in transgenic Arabidopsis plants indicated 
that the sulfur-responsive region can be delimited 
to a specific GGAGACA sequence between the 
-2773 and -2767 region of SULTR1;1. Under 
this element, the reporter activity was induced 
by sulfur limitation or by OAS treatment, but 
was repressed by cysteine and glutathione. The 
SURE sequence contained the core sequence of 
the auxin response factor (ARF) binding site 
(Ulmasov et al., 1999; Hagen and Guilfoyle, 
2002). SULTR1;1 is slightly induced by auxin 
treatment, but SURE itself exhibited no response 
to auxin. These observations suggest that tran-
scriptional activation of SULTR1;1 in response 
to sulfur deficiency could involve a transcription 
factor which may structurally resemble to ARF 
in DNA-binding mechanisms; however the spe-
cific SURE-binding candidate has not yet been 
identified. The data of microarray analysis of a 
time course series of sulfate deprivation response 
indicated that SUREs are present in numbers of 
sulfur-responsive genes that are co-activated with 
SULTR1;1 (Maruyama-Nakashita et al., 2005). 
Similar sequences were found in the sulfur-
responsive 5′-regions of NIT3 nitrilase (Kutz 
et al., 2002) and β-conglycinin β-subunit (Awazu-
hara et al., 2002), suggesting generality of SURE-
mediated regulation in plant sulfur response. 
However, interestingly, SULTR1;2 showed no 
consensus of SURE sequences within its 5′-
region. Although it is induced by sulfur limitation 
and its significance in facilitating sulfate uptake 
is remarkable (Shibagaki et al., 2002; Yoshimoto 
et al., 2002; Maruyama-Nakashita et al., 2003), 
this sulfate transporter is suggested to be regu-
lated in a different manner independent of the 
SURE-mediated regulation.

IV. Regulation by Nitrogen and Carbon

Sulfate is metabolized to a sulfur-containing 
amino acid, cysteine, using sulfide and OAS. 
Reduction of sulfate primarily occurs in the presence 



of ATP and reducing cofactors that can be pro-
vided by photosynthesis or from the pentose phos-
phate cycle (Leustek et al., 2000; Saito, 2004). 
OAS, the other substrate for cysteine synthesis, 
originates from serine. In chloroplasts, OAS is 
synthesized from 3-phosphoglycerate through the 
enzymes catalyzing dephosphorylation and trans-
amination reactions (Ho and Saito, 2001). This 
indicates supply of carbon skeletons of cysteine 
is tightly linked with carbon and nitrogen metab-
olisms. Reminiscent of these metabolic linkages, 
transcripts for sulfate transporters and adenosine 
5′-phophosulfate reductases, the key steps facili-
tating the sulfate assimilatory pathway, were 
both regulated by supply of nitrogen and car-
bon (Kopriva et al., 1999; Vidmar et al., 1999; 
Koprivova et al., 2000; Hesse et al., 2003; Wang 
et al., 2003; Maruyama-Nakashita et al., 2004b). 
In the case of high-affinity sulfate transporters, 
the sulfur-deficiency response of SULTR1;1 and 
SULTR1;2 was strongly attenuated in Arabidopsis 
roots by depletion of nitrogen and carbon sources 
from the medium (Maruyama-Nakashita et al., 
2004b). In barley roots, sulfate uptake activities 
were transiently induced by replenishment of 
nitrate or ammonium to nitrogen-starved plants, 
which correlated with the increase of HVST1 tran-
scripts (Vidmar et al., 1999). In addition to sulfate 
transporters, various nutrient transporters facili-
tating the uptake of essential elements in Ara-
bidopsis roots were positively and coordinately 
regulated during the day time and by supply of 
carbon source (Lejay et al., 2003). Metabolites of 
glycolytic pathway are suggested to be involved 
in this general regulation, although the molecular 
mechanisms are unknown.

V. Plant Hormone Signals

A. Cytokinin in Plant Sulfur Response

In addition to metabolic regulation, recent studies 
suggested that sulfur assimilation may involve 
plant hormone signals for its own regulation. The 
most evident case indicating a linkage between 
the component of signal perception and down-
stream gene expression is the cytokinin-dependent 
signaling cascade that participates in negative 
regulation of sulfate uptake in Arabidopsis roots 
(Maruyama-Nakashita et al., 2004c). This regulatory 

pathway was initially found by screening of plant 
hormones that affect the expression of SULTR1;2 
promoter-GFP. Among the plant hormones tested, 
cytokinin treatment specifically repressed the 
accumulation of GFP under sulfur-limited condi-
tions. Commensurate with repression of the sig-
nals of GFP reporter, SULTR1;1 and SULTR1;2 
mRNAs were coordinately down-regulated by the 
addition of cytokinin. This regulatory pathway 
involved a two-component phospho-relay of a 
cytokinin receptor histidine kinase, CRE1/WOL/
AHK4 (Inoue et al., 2001; Kakimoto, 2003). 
Accordingly, the Arabidopsis cre1–1 mutant 
was unable to regulate the high-affinity sulfate 
transporters in response to cytokinin (Maru-
yama-Nakashita et al., 2004c). Currently, we 
consider that cytokinin and sulfur may work 
independently for the control of sulfate uptake. 
When sulfate is limiting, sulfur-specific signals 
activate the expression of high-affinity sulfate 
transporters for the acquisition of sulfur source. 
By contrast, cytokinin provides a negative signal 
attenuating the influx of sulfate, similar to the 
case in phosphate uptake that also involves CRE1 
cytokinin receptor for its regulation (Martin et al., 
2000; Franco-Zorrilla et al., 2002). It is reported 
that a reporter gene fusion construct of a sulfur 
limitation-responsive promoter of β-conglycinin 
β-subunit responds positively to cytokinin in par-
allel with the induction of adenosine 5′-phopho-
sulfate reductase (Ohkama et al., 2002), which 
is opposite to the response of sulfate transport-
ers (Maruyama-Nakashita et al., 2004c). Under 
cytokinin treatment, repression of SULTR1;1 
and SULTR1;2 sulfate transporters may lead to a 
substantial decline of internal sulfur status, con-
sequently stimulating the expression of sulfur-
responsive genes. Alternatively, the regulatory 
mechanisms of cytokinin response may differ 
between these two groups that apparently exhibit 
similar responses to sulfur limitation.

B. Interaction of Auxin and Glucosinolate 
Biosynthesis

Plants alter their root architectures during nutri-
ent deficient conditions. The mechanisms and the 
sites of root growth differ among the nutrients 
absorbed by plant roots; sulfur deficiency gener-
ally stimulates the growth of lateral roots both in 
length and numbers (Hell and Hillebrand, 2001). 
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In Arabidopsis, degradation of indole glucosi-
nolates is suggested to be involved in this growth 
regulation (Kutz et al., 2002). Under sulfur defi-
ciency, thioglucosidase releases the aglycon from 
indole glucosinolates, and indole acetonitrile 
formed spontaneously after this reaction will be 
catalyzed by nitrilase, generating indole acetic 
acid (IAA) as a product that may stimulate the 
root growth. The transcript of NIT3 nitrilase was 
inducible by sulfur deprivation in Arabidopsis 
roots, providing a mechanism for root growth 
under sulfur deficiency (Kutz et al., 2002). In 
addition to these findings, microarray studies 
indicated that some auxin-responsive genes were 
positively regulated in sulfate-starved plants 
(Hirai et al., 2003; Maruyama-Nakashita et al., 
2003; Nikiforova et al., 2003). However, direct 
evidence for increase of IAA content has not been 
shown for sulfate-starved plants, suggesting IAA 
derived from degradation of glucosinolates might 
locally affect the growth of lateral roots.

C. Jasmonic Acid Signaling

Jasmonic acid (JA) is a plant hormone synthe-
sized by oxidation of linolenic acid constituting 
the membrane lipids. Several lines of evidence 
suggest significance of JA-signaling in mitiga-
tion of oxidative stresses and synthesis of defense 
chemicals, both being related with sulfur metabo-
lism. Shortage of sulfur supply leads to a signifi-
cant decrease of cellular glutathione contents, and 
therefore may cause oxidative stresses. Corollary 
of this, the expression of genes for JA synthesis 
was induced by sulfur limitation or by knock-
out of SULTR1;2 sulfate transporter (Hirai et al., 
2003; Maruyama-Nakashita et al., 2003; Nikiforova 
et al., 2003). Under sulfur deficiency, synthesis 
of glucosinolates can be down-regulated for recy-
cling of sulfur, and induction of JA synthesis may 
occur in parallel. When provided with ample sup-
ply of sulfur, JA treatment caused induction of 
metabolic genes for glutathione synthesis (Xiang 
and Oliver, 1998). Recent microarray studies 
additionally indicate that both reduction of sul-
fate to thiols and synthesis of glucosinolates are 
induced by JA treatment (Jost et al., 2005; Sasaki-
Sekimoto et al., 2005). These findings suggest that 
JA may act positively both for active synthesis of 
antioxidants and glucosinolate production, which 
appears to be contradictory to the case in sulfur-

starved plants. Under sulfur deficiency, nutritional 
demand of sulfur recycling may presumably over-
ride the JA-derived signals that are required for 
the synthesis of glucosinolates acting as defense 
chemicals against pathogenic attack. In fact, a 
JA-deficient mutant lacking allene oxide synthase 
gene showed normal sulfur-limitation responses, 
as represented by induction of sulfate transport-
ers and adenosine 5′-phophosulfate reductase, 
and repression of genes for glucosinolate synthe-
sis under sulfur-deficient conditions (Yano et al., 
2005). This supports the hypothesis suggesting 
divergence of sulfur limitation signals from the 
JA-mediated regulatory cascades. Findings of reg-
ulatory complexes of JA with sulfur metabolisms 
and antioxidant recycling systems suggest signifi-
cance of sulfur fertilization on stressed environ-
ments that plants may encounter in nature.

VI. Prospects of Transcriptome 
and Metabolome Analyses for Novel 
Gene Findings

A. Co-Regulated Genes

In the functional genomics era, the use of micro-
arrays has become a powerful tool to characterize 
the changes of transcriptomes at given conditions 
or genetic varieties. Most recently, the use of 
Affymetrix GeneChip arrays provided us a holis-
tic view of transcript profiles that covers more 
than 70% of the coding genes in the Arabidopsis 
genome. Studies using this pre-manufactured array 
or other microarrays with equivalent qualities 
provided us unprecedented images of plant sul-
fur response that occurs on transcript regulation 
(Hirai et al., 2003, 2004, 2005; Maruyama-Nakas-
hita et al., 2003, 2005; Nikiforova et al., 2003). 
The whole dataset of transcriptome appears to 
be a promiscuous mass, but with an appropriate 
experimental design and proper handling of data 
clusters, typical features of sulfur response can 
arise extractable.

In general, sulfur-deficiency responsive genes 
are co-regulated with high-affinity sulfate trans-
porters in Arabidopsis roots (Maruyama-Nakashita 
et al., 2005, 2006). Appearance of their tran-
scripts on a time course of sulfate deprivation 
allowed us to identify the presence of cis-acting 
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element, SURE, within their promoter regions, 
although some exceptions such as SULTR1;2 and 
SULTR2;1 were present in the same category. 
More recently, genetic analysis of sulfur limita-
tion response-less Arabidopsis mutants identified 
a key transcription factor, SLIM1, which is nec-
essary for the coordinate expression of genes for 
sulfur assimilation and secondary sulfur metabo-
lisms (Maruyama-Nakashita et al., 2006). Tran-
scriptome analysis of slim1 mutant revealed that 
many of the sulfur metabolic pathways are regu-
lated by SLIM1, suggesting its hub-like function 
within the regulatory cascade (Maruyama-Nakashita 
et al., 2006) (Fig. 1).

In addition to direct or specific effects of sulfate 
or related sulfur metabolites on transcript regula-
tion of sulfate transport and metabolism, the array 
data indicated that supply of nitrogen, carbon and 
plant hormones may additionally influence sulfur 
metabolism (Wang et al., 2003; Hirai et al., 2004; 
Jost et al., 2005; Sasaki-Sekimoto et al., 2005). 
The effects of nitrogen and carbon on the array 
of sulfur-responsive genes are suggested to be the 
global response (Hirai et al., 2004). Under such 
conditions, sulfur-responsive genes may fluctuate 
with the entire metabolic systems, as represented 
by the changes of energy metabolism and/or pho-
tosynthesis, rather than with a specific cue of sulfur 

demand that directly controls the uptake of sul-
fate and assimilatory metabolism.

B. Approaches from Metabolomics

As for the metabolome analysis, comprehen-
siveness is rather obscure as compared with the 
transcriptome data, and the numbers of annotated 
metabolites are still limited (Hirai et al., 2004, 
2005; Nikiforova et al., 2005). However, chal-
lenges to the untargeted metabolite analysis have 
made substantial progresses in determining the 
functions of metabolic enzymes and genetic diver-
sities of glucosinolate synthesis in Arabidopsis. Data 
processing thorough a batch-learning self-organ-
ized map analysis, genes and metabolites of glu-
cosinolate synthesis were co-clustered within the 
same group or in its vicinities, forming gene-to-
gene or metabolite-to-metabolite networks (Hirai 
et al., 2004, 2005). This method has been shown 
to be useful for novel gene finding that eventually 
assisted functional identification of desulfoglu-
cosinolate sulfotransferase (Hirai et al., 2005). 
Genetic diversities of glucosinolate compositions 
have been well characterized in Arabidopsis, as 
have been exemplified by polymorphisms of key 
metabolic enzymes between several different 
ecotypes (Halkier and Gerschenzon, 2006). More 

Fig. 1. SLIM1-mediate regulation of sulfate transport and metabolism.
AKN2, 5′adenylylsulfate kinase; APS4, ATP sulfurylase; BCAT, branched-chain amino acid aminotransferase; CYP, cytochrome 
P450; MAM, methyl(thio)alkylmalate synthase; NIT3, nirilase; Serat, serine acetyltransferase; SULTR, sulfate transporter.
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recently, quantitative trait loci representing these 
known differences of glucosinolate compositions 
among the Arabidopsis ecotypes were resolved 
by liquid chromatography mass spectrometry-
based metabolic profiling of recombinant inbred 
line populations, suggesting a potential of this 
untargeted approach for gene finding (Keurentjes 
et al., 2006).

Approaches from the untargeted metabolomics 
were successful for identification of the enzymes 
for synthesis of secondary metabolites through 
quantitative detection of the accumulating final 
products. However, these would not be the case 
with nutrient assimilation and primary metabolisms 
where the metabolites can easily be distributed 
or metabolized in reversible pathway networks. 
Redundancies of the enzymes may also hamper 
identification of their specific functionalities. In 
addition, unlike the metabolic enzymes that may 
have direct impacts on modulating the contents of 
metabolites, the functions of regulatory genes are 
suggested to be rather conditional. In other words, 
positive or negative effects of regulatory genes on 
fluctuation of tissue metabolite levels might only 
be detectable during certain stressed conditions 
where these metabolites are necessarily accumu-

lated. The untargeted or -omics-based approaches 
are still under way for identification of regula-
tory gene functions (Fig. 2). The use of genetic 
variations, comparative analysis of multiple envi-
ronmental setups, throughputness of metabolite 
measurements or gene expression analyses, and 
statistics for interpretation of holistic data out-
puts, may become the prerequisites for findings 
of novel regulatory genes modulating the profiles of 
plant metabolic systems.
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Summary

Glutathione is the most abundant low molecular weight thiol in all plant cells with the only exception of 
some plant species that produce and accumulate homologous tripeptides to similar levels. The broad range 
of functions of glutathione in terms of detoxification of heavy metals, xenobiotics and reactive oxygen 
species (ROS) has been highlighted in numerous reviews before. Glutathione S-conjugates formed during 
detoxification of electrophilic xenobiotics are immediately sequestered to the vacuole for degradation. 
This degradation is initiated by cleavage of the two terminal amino acids of glutathione. The cleavage of 
the γ-peptide bond between glutamate and cysteine involves a specific γ-glutamyl transpeptidase. Other 
members of this gene family are suggested to be involved in glutathione catabolism in the apoplast and 
linked to long-distance transport of glutathione. Recent findings on the biosynthesis and compartmenta-
tion now begin to illuminate how the biosynthesis of glutathione is regulated at the molecular level and 
how different subcellular pools of glutathione are interconnected. Glutamate-cysteine ligase (GSH1) is 
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I. Introduction

Thiol-containing compounds are key players in 
a broad range of significant metabolic reactions 
and are essential for redox signaling. The tripep-
tide glutathione (reduced form: GSH; oxidized 
form: GSSG) is the most abundant low molec-
ular weight thiol in almost all eukaryotic and 
many prokaryotic cells. Glutathione is essential 
for detoxification of xenobiotics and, being the 
precursor of heavy metal binding phytochelat-
ins, also for the detoxification of heavy metals. 
Furthermore glutathione is an essential part of 
the glutathione–ascorbate cycle (GAC) and thus 
also involved in the detoxification of reactive 
oxygen species (ROS). Detoxification of ROS 
through GAC goes along with reversible oxida-
tion and reduction of glutathione and thus imme-
diate effects on the glutathione redox potential. 
Because glutathione is present in low millimolar 
concentrations in plant cells and thus the dominat-
ing redox buffer besides ascorbate, changes of the 
redox potential of the glutathione pool will have 
important effects on other cellular redox systems 
and thiol containing proteins in particular.

To understand the broad range of functions 
of glutathione and the integration of glutathione 
in the complex cellular signaling network it is 
essential to investigate the biosynthesis and the 
compartmentation of glutathione metabolism. 
The focus of this work is thus to review recent 

progress on different factors affecting glutathione 
homeostasis in plants and thereby outlining the 
foundations of glutathione-dependent signaling 
events during stress reactions.

II. Biosynthesis of Glutathione

A. Evolution of GSH Biosynthesis

Glutathione and its homologues are the most 
prominent low molecular weight thiols in virtu-
ally all eukaryotic cells (with the exception of 
cells that lack mitochondria; Fahey et al., 1984; 
Newton et al., 1996) and in most Gram-nega-
tive bacteria, including cyanobacteria and purple 
bacteria (Fahey, 2001). In Gram-positive bacteria 
glutathione is less frequently found and in many 
cases replaced by other redox active thiol com-
pounds (Fahey, 2001). Glutathione is generally 
synthesized in two ATP-dependent steps from its 
constituent amino acids glutamate, cysteine and 
glycine. In some plant species glycine is replaced 
by other residues (see below). The two enzymes 
involved in this biosynthetic pathway are gluta-
mate-cysteine ligase (GSH1; GSHA in bacteria) 
and glutathione synthetase (GSH2; GSHB in bac-
teria). GSH1 catalyzes the formation of the atypi-
cal peptide bond between the γ-carboxylic group 
of glutamate and the amino group of cysteine. 
GSH2 subsequently catalyzes the formation of 
the peptide bond between the carboxylic group 
of cysteine and the amino group of glycine. Both 
enzymes are highly conserved between different 
plants, but surprisingly plant GSH1 was shown to 
be highly divergent from other eukaryotic organ-
isms (May and Leaver, 1994).

Generally it is assumed that the need for a 
 stable cellular redox buffer and compounds 
keeping ROS under control arose with the evo-
lution of oxygenic photosynthesis about 2.6 
billion years ago (Des Marais, 2000). From 

Abbreviations: APS – adenosine 5¢-phosphosulfate; BSO-L-

buthionine-(S,R)-sulfoximine; ER – endoplasmic reticulum; 

DHAR – dehydroascorbate reductase; GAC – glutathione–

ascorbate cycle; γ-EC – γ-glutamylcysteine; GGT – γ-glutamyl 

transpeptidase; GR – glutathione reductase; GRX – glutar-

edoxin; GSB – glutathione S-bimane; GSH – reduced glu-

tathione; GSSG – oxidized glutathione; GST – glutathione 

S-transferase; MCB – monochlorobimane; OPT – oligopep-

tide transporter; PC – phytochelatin; PCS – phytochelatin 

synthase; ROS – reactive oxygen species; TRX – thioredoxin

the key regulatory enzyme of glutathione biosynthesis. Redox-dependent modulation of GSH1 activ-
ity also makes GSH1 a key factor in cellular redox homeostasis. Current work indicates that the redox 
state of the cellular glutathione redox buffer can be read out and directly transferred to target proteins by 
glutaredoxins. In this way glutathione is both, a scavenger for toxic compounds and a sensor for envi-
ronmental signals which impact on the cellular redox state. This review aims at describing the important 
recent results on the cellular glutathione homeostasis in plant cells and highlighting the implications for 
glutathione-based redox sensing and signaling.
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cyanobacteria in which GSHA originally 
evolved the gene was transmitted to other spe-
cies including archaea and proteobacteria. In 
proteobacteria that made use of the increasing 
atmospheric oxygen concentration by develop-
ing aerobic metabolism the presence of GSH 
would have been advantageous because of 
increasing amounts of ROS.

Direct comparison of sequences for GSH1 
from a broad range of organisms from all king-
doms showed that the sequences cluster in three 
distinct groups (Copley and Dhillon, 2002). 
Group 1 comprises primarily γ-proteobacteria 
including Escherichia coli, group 2 comprises 
most eukaryotic organisms including human and 
Saccharomyces cerevisiae but excluding plants. 
Plant GSH1 sequences form a third group together 
with a-proteobacteria and archaea. Despite the 
highly divergent forms of the same enzymatic 
function, careful analysis of small blocks of con-
served sequence motifs indicated that the three 
groups of sequences are indeed distantly related 
(Copley and Dhillon, 2002). While non-plant 
eukaryotic organisms might have received their 
GSH1 genes from α-proteobacterial progeni-
tors of mitochondria (Fahey et al., 1984; Fahey 
and Sundquist, 1991; Fahey, 2001), plants were 
assumed to have received their GSH1 genes 
from the cyanobacterial progenitor of chloro-
plasts. It is puzzling, however, that the plant 
GSH1 sequences are very similar to a number of 
α-proteobacterial sequences (see below). In this 
context it remains unknown whether the α-pro-
teobacterial progenitor gene in plants replaced 
an already present gene or whether the ancestral 
plastidic genes were lost first, the α-proteobacte-
rial genes subsequently filling the functional gap 
(Copley and Dhillon, 2002).

Evolutionary relationships are even less clear 
for GSH2. In this case all known eukaryotic 
sequences are related, but none of them show any 
significant homology with bacterial GSHB (Cop-
ley and Dhillon, 2002). Polekhina et al. (1999) 
suggested that eukaryotic GSH2 did not evolve 
from a bacterial ancestor. Instead, both bacterial 
GSHB and eukaryotic GSH2 might have evolved 
independently from ancestors that had the char-
acteristic fold of the ATP-grasp superfamily. The 
members of this family exhibit a distinct  carboxy-
late-amine/thiol ligase activity (Galperin and 
Koonin, 1997).

Many members of the Fabaceae contain homo-
glutathione (γ-Glu-Cys-β-Ala, hGSH) besides 
glutathione (Fig. 1) (Price, 1957; Klapheck, 1988). 
Analysis of the molecular basis of homoglutathione 
biosynthesis in Medicago trunculata showed that 
homoglutathione synthetase (hGSH2) is closely 
related to glutathione synthetase. A gene duplica-
tion event for GSH2 after divergence of Fabales 
from Solanales and Brassicales and subsequent 
substitution of two highly conserved alanines by 
Leu-534 and Pro-535 in one of the two copies gave 
rise to synthesis of hGSH (Frendo et al., 2001).

B. Biochemistry of GSH1 and GSH2 
Enzymes: From Structure to Regulation

Although plant GSH1 proteins and GSHI from 
E. Coli share no statistically significant similarities 
in their sequences (May and Leaver, 1994; Copley 
and Dhillon, 2002), the recent elucidation of the 
GSH1 protein structures from E. coli (Hibi et al., 
2004) and Brassica juncea (Hothorn et al., 2006) 
has revealed overall similarity in the protein fold 
with some additional plant GSH1-specific proper-
ties. The primary plant GSH1 sequence folds into a 
six-stranded antiparallel β-sheet forming a bowl-like 
structure, which is flanked by helical regions. While 
the catalytic residues were conserved between the 
plant and E. coli enzymes, an unexpected β-hairpin 
was discovered in the plant enzyme, which is absent 
in the E. coli enzyme. While a detailed description 
of the structure of plant GSH1 is beyond the scope 
of this review, it is important to note that for the 
B. juncea enzyme, the protein structure has revealed 
the presence of two intramolecular disulfide bridges 
 (Hothorn et al., 2006). One of these disulfide bridges, 

Fig. 1. Pathways for biosynthesis of GSH and hGSH. All 
depicted biosynthetic steps consume one ATP per synthe-
sized molecule.
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CC1, has been proposed to position the β-hairpin 
(see above) in a way that the access of cysteine to its 
binding site is allowed, whereas reduction of CC1 
possibly shields the Cys binding site. In agreement 
with this assumption, mutating these Cys residues 
resulted in a 10-fold reduced enzyme activity of 
the mutant recombinant protein. Using the mutant 
BjGSH1 protein, the possible role of the second 
disulfide bridge (CC2) could be addressed. Again, 
reduction of this disulfide bridge resulted in a fur-
ther decrease of enzyme activity (about fourfold; 
Hothorn et al., 2006).

How exactly the previously reported redox 
control of the plant GSH1 enzyme activity (Hell 
and Bergmann, 1990; Jez et al., 2004) relates to 
the roles of CC1 and CC2 for regulating GSH1 
enzyme activity in vivo remains to be convincingly 
shown. In their seminal paper on the plant GSH1 
enzyme, Hell and Bergmann (1990) revealed that 
upon addition of DTT the tobacco enzyme appar-
ently underwent a profound structural change, 
resulting in inactivation and changed mobility in 
gel filtration chromatography (i.e. from approx. 
60 to 30 kDa). In their recent study on recom-
binant Arabidopsis GSH1 protein, Jez et al. 
(2004) could basically confirm this observation. 
As under reduced conditions, the tobacco GSH1 
enzyme (Hell and Bergmann, 1990) and the Ara-
bidopsis enzyme (Jez et al., 2004) showed similar 
behavior, it can be excluded that CC1 is relevant 
for this structural change, as the presence of CC1 
Cys residues is not conserved in plant GSH1 
enzymes (i.e. absent in tobacco). While Hothorn 
et al. (2006) confirmed for the enzyme from 
B. juncea the occurrence of a profound struc-
tural change in response to the redox environ-
ment, these authors advocate a redox-regulated 
monomer-homodimer switch, based on their 
results from size exclusion chromatography and 
analysis of BjGSH1 crystal structure. Interest-
ingly, this redox-induced monomer-homodimer 
switch is not observed for recombinant GSH1 
proteins from the structurally closely related 
α-proteobacteria (R. Gromes, M. Hothorn and 
T. Rausch, unpublished). Also, the amino acid 
residues forming the interface of the homodimer 
in the BjGSH1 enzyme are conserved in GSH1 
proteins across the plant kingdom but not in α-
proteobacteria. It is intriguing, that the enzyme 
catalyzing the rate-limiting step in the biosynthe-
sis of one of the cells major antioxidants should 

be itself under tight redox control. In fact, the 
results discussed above suggest that, under nor-
mal conditions (i.e. reducing milieu in the chlo-
roplast stroma) the plant GSH1 enzyme would 
operate “with brakes on”, being fully activated 
only under oxidizing conditions as encountered 
upon stress exposure. While definite proof for 
this attractive hypothesis remains to be provided, 
Jez and colleagues have recently presented first 
supportive evidence for in vivo operation of the 
proposed redox switch (Jez et al., 2006; Hicks 
et al., 2007).

In contrast to GSH1, plant GSH2 enzymes 
belong to one large family with all other eukaryo-
tic GSH2 enzymes, which shows no similarity 
with bacterial GSH2 enzymes (Wang and Oliver, 
1996; Copley and Dhillon, 2002). While GSH2 
from E. coli is a functional tetramer of approxi-
mately 300-residue subunits (Hara et al., 1996), 
the larger eukaryotic GSH2 subunits from mam-
mals and yeast (approx. 470 residues) form a 
homodimer (Polekhina et al., 1999; Gogos and 
Shapiro, 2002). Likewise, the analysis of recom-
binant AtGSH2 protein indicated that the enzyme 
operates as a homodimer (Jez and Cahoon, 2004). 
While no plant GSH2 structure has as yet been 
reported, the fairly high conservation of eukaryo-
tic GSH2 proteins (approx. 40% sequence iden-
tity) supports the assumption that the kinetic 
mechanism is conserved among eukaryotic 
GSH2 enzymes. Despite the lack of sequence 
conservation, their difference in oligomer struc-
ture and molecular masses of subunits, GSH2 
enzymes from bacteria and eukaryotes share a 
common protein fold and belong to the ATP-grasp 
structural family (Hara et al., 1996; Galperin and 
Koonin, 1997; Polekhina et al., 1999; Gogos and 
Shapiro, 2002).

Only recently have the catalytic properties 
of plant GSH1 and GSH2 enzymes been stud-
ied with recombinant enzymes from Arabidop-
sis thaliana after expression in E. coli (Jez and 
Cahoon, 2004; Jez et al., 2004). In both enzymes, 
the three  substrates form ternary complexes in the 
active site, with all substrates mutually affecting 
their binding. Detailed kinetic analysis of GSH1 
and GSH2 has revealed that both enzymes appear 
to operate via a random ter-reaction mechanism 
with a preferred order of substrate addition. Thus, 
in AtGSH1, binding of the substrates ATP or gluta-
mate increases the affinity for the other substrate 



Chapter 9 Glutathione Homeostasis in Plant Cells 165

2.5-fold, whereas the positive interaction between 
cysteine and glutamate results in an even higher 
reciprocal increase of binding affinities (16-fold; 
Jez et al., 2004). Similarly, in AtGSH2 binding of 
γ-glutamylcysteine or ATP increase the affinity 
of the enzyme for the other substrate 10-fold (Jez 
and Cahoon, 2004), whereas binding of either 
glycine or γ-glutamylcysteine decrease binding 
of the other substrate by almost sevenfold.

Since the cloning of the first plant cDNAs 
encoding GSH1 and GSH2 (May and Leaver, 
1994; Ullmann et al., 1996; Wang and Oliver, 
1996), numerous studies have addressed the con-
trol of their expression at the transcript level. The 
results of these studies have largely confirmed 
that under conditions where GSH biosynthesis is 
upgraded in response to various developmental 
or environmental cues, GSH1 expression appears 
to be more affected, corroborating its proposed 
role as catalyzing the limiting step (Schäfer et al., 
1998; Xiang and Oliver, 1998; Xiang et al., 2001). 
However, some reports also document a coordi-
nate increase of GSH1 and GSH2 mRNAs. Thus, 
in B. juncea transcript amounts were increased 
for both genes (Schäfer et al., 1998). Likewise, 
in A. thaliana the infection with Phytophthora 
brassicae caused a more than twofold coordinate 
increase of GSH1 and GSH2 transcripts (Parisy 
et al., 2007).

Recently, Wachter et al. (2005) reported on 
different transcript populations for GSH1 in 
A. thaliana and B. juncea. In both species, two 
TATA-boxes located in proximity give rise to two 
distinct transcript populations, differing in their 
length of 5′UTR sequence. The quantitative ratio 
of long to short 5′UTR mRNAs was depend-
ent on the developmental stage (Wachter et al., 
2005) and was also affected by several stress-
related cues (Wachter, 2004). The biological sig-
nificance of different 5′UTRs is not yet known, 
however, it may be speculated that transcript 
stability and/or binding of protein factors to the 
5′UTR could be affected (Xiang and Bertrand, 
2000; Wachter, 2004). Mapping of transcript 
start sites revealed that mRNAs were initiated 
about 30 bp downstream of both TATA-boxes, 
indicating that both were operative. Thus it can 
be assumed that two closely spaced, overlapping 
promoters differentially regulate the formation of 
short and long 5′UTR transcripts in these species. 
Both transcript classes code for the same GSH1 

protein with functional transit peptide, rendering 
an effect of different 5′UTR structure on GSH1 
targeting unlikely (Wachter et al., 2005).

Transcriptional control of GSH1 expression 
in response to hormonal (e.g. jasmonic acid) and 
stress-related cues (e.g. heavy metal exposure) 
undoubtedly contributes to the observed changes 
in GSH1 activity, however, earlier work has 
already indicated that other regulatory mecha-
nisms are likely to be involved. Thus, in Arabi-
dopsis suspension-cultured cells, a stress-induced 
increase of GSH1 enzyme activity was observed 
in the absence of transcript increase (May et al., 
1998). While several independent studies support 
the existence of a post-transcriptional control of 
GSH1 expression (May et al., 1998; Xiang and 
Bertrand, 2000), our factual knowledge about the 
underlying molecular mechanism(s) is fragmen-
tary at best. Clearly, there is an urgent need for 
further detailed analysis of the observed inter-
actions of GSH1 transcripts with 5′UTR-bind-
ing proteins, as work has not progressed beyond 
initial observations (Xiang and Bertrand, 2000; 
Wachter, 2004). The postulated redox-control 
of such an interaction would provide a feedback 
mechanism to assure cellular glutathione home-
ostasis. It is noteworthy that such a control would 
have to operate in the cytosol and would there-
fore respond to the cytosolic redox poise, whereas 
the GSH1 enzyme is exclusively targeted to the 
plastids (Wachter et al., 2005). Therefore, such a 
mechanism would constitute a conduit for redox 
communication between both compartments. In 
addition to the postulated redox-mediated trans-
lational control, the post-translational control of 
GSH1 activity via a redox-mediated monomer-
homodimer switch, as observed in vitro with 
recombinant GSH1 enzyme (see above; Hothorn 
et al., 2006), may account for an additional level 
of regulation.

The Cd-sensitive Arabidopsis cad2-1 mutant, 
which shows a 2 amino acid deletion in the 
GSH1 protein, provided the first genetic evi-
dence for a causal link between GSH biosyn-
thesis and a specific GSH function in planta 
(Cobbett et al., 1998). The recent elucidation 
of plant GSH1 structure (Hothorn et al., 2006) 
indicated that this deletion most likely affects 
the position of residues involved in glutamate 
binding. As a result of reduced GSH1 activity, 
the cad2-1 mutant has a significantly decreased 
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GSH content (45% as compared to wild-type). 
Conversely, and as expected, its cysteine con-
tent is increased about twofold as compared to 
wild-type plants (Cobbett et al., 1998). The sec-
ond GSH1 mutant, rml1 (root-meristem-less), 
depicts a strong developmental phenotype, its 
root meristem being nonfunctional (Vernoux 
et al., 2000). This mutant documented for the 
first time a direct link between GSH content 
and GSH function during plant development, 
and revealed its essential role in initiating and 
maintaining cell division during post-embry-
onic root development. The rml1 mutation, in 
which an aspartate is exchanged for an aspar-
agine (D250N), is most likely affected in ade-
nine nucleotide binding (Hothorn et al., 2006). 
This mutant has only about 3% GSH as com-
pared to the wild-type and shows a threefold 
increased cysteine content. The rax1-1 mutant 
was initially identified as showing a constitu-
tive expression of an otherwise stress-inducible 
ascorbate peroxidase (Ball et al., 2004). While 
this GSH1 mutant showed a reduction of GSH 
content (about 30% of the wild-type) similar 
to cad2-1, its cysteine content was unaffected, 
in marked contrast to cad2-1 and pad2-1 (see 
below). Surprisingly, the molecular basis of the 
rax1-1 mutation is a single conservative amino 
acid exchange (R229K). The functional analy-
sis of recombinant rax1-1 protein revealed an 
about fivefold higher K

m
 towards cysteine (with 

V
max

 reduced by about 50%), in agreement 
with the position of R229 being proximal to the 
cysteine-binding pocket (Hothorn et al., 2006). 
Thus, this mutant also supports the widely held 
assumption that cysteine availability may affect 
GSH biosynthesis. Recently, a fourth GSH1 
mutant, pad2-1, has been shown to be impaired 
in resistance towards P. brassicae and Pseu-
domonas syringae (Parisy et al., 2007). The Ara-
bidopsis pad2-1 mutant was originally shown 
to exhibit a reduced accumulation of the phy-
toalexin camalexin (Glazebrook et al., 1997); 
however, later work revealed that this was not 
the cause for the observed phenotype (Zhou 
et al., 1999). The pad2-1 mutant shows a S298N 
substitution, located close to the cysteine bind-
ing site. While its GSH content is only about 
20%, this mutant exhibits an about fivefold 
increased cysteine content. While it is  tempting 
to speculate that the decreased GSH content 

is causally related to the reduced resistance 
towards pathogens, it cannot be excluded that 
the strong increase in cysteine content may also 
contribute to the observed phenotype. In sum-
mary, the analysis of several GSH1 mutants has 
provided proof of the (direct or indirect) role of 
GSH in several vital plant functions, including 
plant development and tolerance against abiotic 
and biotic stress.

III. Compartmentation of Glutathione 
Metabolism in Plants

A. Transport of GSH and Precursors 
Across the Chloroplast Envelope

A key parameter in cellular glutathione homeos-
tasis is efficient transport of glutathione and/or 
its precursors between different organelles. For 
a long time, the abundant low molecular weight 
thiols cysteine and especially GSH have been 
assumed to fulfill the function as a transport 
metabolite. In terms of glutathione biosynthesis 
the differential subcellular localization of GSH1 
and GSH2 in Arabidopsis highlights the impor-
tance for consideration of subcellular compart-
ments in GSH metabolism. At the same time 
exclusive plastidic localization of GSH1 and dual 
targeting of GSH2 to both cytosol and plastids 
(Wachter et al., 2005) points away from cysteine 
and GSH transport and rather implies export of 
γ-EC from plastids to provide cytosolic GSH2 
with its substrate. Export of γ-EC from plastids 
was suggested by Meyer and Fricker (2002) after 
in situ labeling of Arabidopsis cell cultures with 
monochlorobimane (MCB) for several hours. This 
fluorescent dye has been shown to predominantly 
label glutathione in live cells (Meyer et al., 2001; 
Cairns et al., 2006). Long-term labeling of Ara-
bidopsis cells for several hours resulted in a 
steady increase in fluorescence which could be 
blocked by the GSH biosynthesis inhibitor L-
buthionine-(S,R)-sulfoximine (BSO) indicating 
demand-driven de novo synthesis of GSH und 
conditions of extended exposure to MCB as an 
electrophilic xenobiotic. Because this synthe-
sis phase could also be abolished by removal of 
sulfate from the external medium this implied 
that the steady increase in fluorescence was not 
only due to GSH biosynthesis but in fact mir-
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rored flux through the entire sulfur assimila-
tion pathway starting from external sulfate and 
running down to GSH. The first step of sulfate 
reduction is catalyzed by adenosine 5′phospho-
sulfate (APS) reductase, an enzyme that con-
tains a sub-domain homologous to glutaredoxins 
(GRXs) at its carboxy-terminus. Therefore APS 
reductase is assumed to use electrons delivered 
by GSH for reduction of APS (Bick et al., 1998). 
This demand for plastidic GSH as electron donor 
for continued sulfur assimilation indicates that 
the plastidic GSH pool is not depleted during 
the incubation with MCB (Meyer and Fricker, 
2002). Conversely, this implies that not GSH but 
rather its precursor γ-EC is exported from the 
plastids to cover cytosolic demand for reduced 
sulfur. This hypothesis was further supported 
through the isolation of null-mutants for GSH2 
from Arabidopsis T-DNA insertion collections. 
Homozygous gsh2 null-mutants hyperaccumu-
late γ-EC to levels 200-fold greater than wild-
type GSH and 5,000-fold greater than wild-type 
γ-EC (Pasternak et al., 2008). In situ labeling with 
MCB showed that in this case the extreme con-
centration of γ-EC led to partial labeling of this 
pool. The label was predominantly in the cytosol 
and thus indicated that γ-EC was exported. This 
result is also corroborated by biochemical in vitro 
assays on GSH1 showing that this enzyme would 
quickly be inhibited by accumulating γ-EC albeit 
with 50% efficiency compared with the normal 
feedback inhibitor GSH. Furthermore, cytosol 
specific complementation of the gsh2 knockouts 
with wild-type GSH2 restored the wild-type 
phenotype and low molecular weight thiol levels 
almost similar to wild-type.

The cytosolic complementation of gsh2 
knockouts strongly suggests efficient transport 
of GSH from the cytosol into the plastid. Pre-
liminary data indicating uptake of radioactive 
GSH into isolated wheat chloroplasts have been 
presented (Noctor et al., 2000; Noctor et al., 
2002). From their data, Noctor and colleagues 
concluded that the rate of GSH uptake is suf-
ficient to play a significant role in determining 
the GSH pool on either side of the membrane. 
Further analysis of the cytosolic complementa-
tion of gsh2 knockouts and quantitative analysis 
of plastidic GSH in these mutants is expected 
to provide final evidence for the efficiency of 
this transport. Despite the increasing evidence 

for γ-EC as the major metabolite for export of 
reduced sulfur from the plastids, export of GSH 
from the plastids can still not be ruled out. The 
fact that plastid-specific complementations of 
a gsh2 knockout are fully viable indicates that 
GSH can also be transported from plastids to 
the cytosol (M. Pasternak and A.J. Meyer, 
unpublished).

The accumulating evidence for efficient export 
of γ-EC from the plastids now immediately raises 
the question for a γ-EC transporter on the chloro-
plast envelope. Because such a transporter when 
knocked out should severely affect cellular GSH 
homeostasis and thus result in clear phenotypes 
candidate proteins should eventually appear in 
genetic screens. However, none of the solute 
transporters on the plastid envelope membrane 
characterized to date has been linked to GSH 
metabolism (Weber et al., 2005).

B. Glutathione in Other Organelles

Besides photosynthesis mitochondrial respiration 
is the second main source of ROS in plant cells 
and at the same time mitochondria house a range 
of different redox pathways, utilized for protec-
tion from oxidative damage and assembly of the 
organelle (Koehler et al., 2006; Logan, 2006). 
Thus, glutathione is required within mitochondria 
to buffer against ROS production and to avoid 
oxidative damage. Similar to chloroplasts, the 
most important pathway for ROS detoxification is 
the GAC (see below), which has been shown to 
be present in mitochondria with all participating 
enzymes (Chew et al., 2003b). Given that GSH 
is not synthesized in mitochondria it has to be 
imported from the cytosol. Putative transporters 
for GSH have been identified based on homology 
with a high affinity glutathione transporter (hgt1p) 
from S. cerevisiae (Bourbouloux et al., 2000). The 
identified family of nine genes in Arabidopsis is 
designated as OPT1–OPT9 (Koh et al., 2002) and 
at least AtOPT6 as well as some homologues form 
other species have been shown to complement the 
yeast hgt1 knockout mutant (Bogs et al., 2003; 
Cagnac et al., 2004; Zhang et al., 2004). Both, 
OPT3 and OPT6 are predicted to be targeted to 
the  mitochondria by different bioinformatics tools. 
However, restricted tissue-specific expression of 
these genes (Stacey et al., 2006) suggests that these 
proteins are not the essential GSH-transporters for 
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uptake of GSH into the mitochondria. Transport 
studies with isolated mitochondria from rats sug-
gest that GSH is taken up into mitochondria via 
dicarboxylate and 2-oxoglutarate carriers (Chen 
and Lash, 1998). The fact that the glutathione 
reductase 1 (GR1, AT3G54660) is dually  targeted 
to both chloroplasts and mitochondria (Chew 
et al., 2003a) together with the fact that a knock-
out of this mutant is embryo lethal (Tzafrir 
et al., 2004) might indicate that GSSG cannot be 
exported from mitochondria for reduction in the 
cytosol.

The first reaction of the conversion of glyco-
late to glycine during photorespiration produces 
the toxic intermediate glyoxalate and the toxic 
by-product H

2
O

2
. Containment of these reactions 

in the peroxisomes avoid that the toxic products 
can harm other reaction in the chloroplasts. The 
GAC was also shown to be present in peroxisomes 
of pea (Pisum sativum L.) (Jimenez et al., 1997). 
As a result of senescence, the pools of GSH and 
GSSG were considerably increased in peroxi-
somes while the oxidative damage in mitochondria 
was significantly accelerated already. This observa-
tion lead to the suggestion that peroxisomes may 
function longer than mitochondria in the oxidative 
mechanisms of senescence (Jimenez et al., 1998). 
The presence of the GAC in peroxisomes implies 
the presence of glutathione reductase(s) (GR) in 
this compartment. While ascorbate peroxidase 
has bee found in proteomic studies of Arabidopsis 
peroxisomes (Fukao et al., 2002) there is currently 
no genetic nor proteomic evidence for a GR in per-
oxisomes (Heazlewood et al., 2007). Nevertheless, 
glutathione is required as a redox buffer and is used 
by a number of enzymes as a substrate. Glutath-
ione-depending enzymes shown to be present in 
peroxisomes of non-plant organisms include glu-
tathione peroxidase in rat peroxisomes (Singh et 
al., 1994) and glutathione S-transferase in S. cere-
visiae (Barreto et al., 2006). Expression of a novel 
glutathione specific redox sensor in tobacco per-
oxisomes suggests that the redox potential of the 
glutathione redox buffer in peroxisomes is highly 
reducing and thus similar to that in the cytosol (M. 
Schwarzländer et al., submitted)1

The endoplasmic reticulum (ER) is the com-
partment in which proteins destined for the secre-
tory pathway are folded. Attainment of their 
native structure often includes the formation of 
intramolecular disulfide bridges. Glutathione 
is known to be the principle redox buffer in the 

ER, but contrary to the highly reduced state of 
cytosolic glutathione the ratio of GSH to GSSG 
in the ER is between 1:1 and 3:1 (Hwang et al., 
1992). Targeting of the glutathione dependent 
redox-sensitive GFP (roGFP) to the ER recently 
allowed to directly showing the highly oxidized 
state of the luminal glutathione pool in tobacco 
(Meyer et al., 2007). Maintenance of such steep 
gradients across the ER membrane for both GSH 
and GSSG can only be achieved through active 
transport mechanisms, but to date no such trans-
porter has been identified. A large fraction of the 
luminal glutathione pool was shown to be present 
in the form of mixed disulfides with proteins, 
which may play a role as a glutathione reserve 
and a component of the luminal redox buffering 
system, but may also play a more active role in 
the process of native protein disulfide bond for-
mation (Bass et al., 2004). Due to its high degree 
of oxidation glutathione in the ER lumen has long 
been suspected the prime source of oxidative 
power for protein folding, but this hypothesis was 
refuted by the observation that in yeast oxidiz-
ing equivalents are provided by the protein Ero1 
(Cuozzo and Kaiser, 1999). Despite being present 
mainly in the oxidized form, glutathione still acts 
as a source of reducing equivalents by playing a 
direct role in the isomerization of luminal oxi-
doreductases and maintenance of theses enzymes 
in their reduced state (Jessop and Bulleid, 2004; 
Sevier et al., 2007).

Nuclear compartmentalization of glutathione 
with ATP-dependent maintenance of the nucleo-
plasm/cytosol concentration gradient has been 
shown for hepatocytes based on specific labeling 
of GSH with MCB (Bellomo et al., 1992). This 
observation is highly surprising as the only gateway 
for exchange of macromolecules between cytosol 
and nucleoplasm is the nuclear pore complex 
(NPC). This complex has a 9 nm aqueous pore 
and allows passive diffusion of molecules up to 
about 60 kDa, molecules over 50 kDa at a very 
slow rate (Meier, 2007). It was also shown that 
MCB adducts injected into cells immediately 
accumulated in the nucleus (Briviba et al., 1993). 
Labeling of GSH in living plant cells with MCB 
also very quickly gives rise to very strong nuclear 
labeling, but even under conditions where normal 
vacuolar sequestration of glutathione-bimane 
conjugates is prevented no indication of differ-
ential labeling between cytoplasm and nucleus 
could be observed (Gutiérrez-Alcalá et al., 2000; 
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Meyer et al., 2001; Hartmann et al., 2003). Tight 
redox control within the nucleus is essential for 
normal functioning and it has been shown that 
the members of the TGA family of transcription 
factors need to be in the reduced state to allow 
efficient DNA binding (Despres et al., 2003). 
A specific role of the glutathione redox buffer in 
this control is strongly supported by the observa-
tion that TGA transcription factors interact with 
a subclass of GRXs in Arabidopsis (Ndamukong 
et al., 2007).

C. Compartmentation Between ‘Sink’ 
and ‘Source’ Tissues

Glutathione is the major form of systemically 
transported reduced sulfur (Foyer et al., 2001). 
Glutathione is thought to be synthesized in veg-
etative shoot tissues and transported to generative 
tissues and developing seeds in particular as well 
as in the opposite direction to the roots. Long-dis-
tance transport of glutathione and/or the precursor 
γ-EC along the phloem has been shown (Lappar-
tient and Touraine, 1996; Herschbach and Rennen-
berg, 2001; Li et al., 2006). Split-root experiments 
in which one half of the root system was exposed to 
low sulfate conditions indicate that a systemic sig-
nal, most likely glutathione, controls sulfate uptake 
in the roots (Lappartient et al., 1999). High gluta-
thione levels are correlated with decreased sulfate 
uptake and thus glutathione might contribute to a 
well-balanced feedback control mechanism for sul-
fate uptake. Conversely, artificially reduced GSH 
levels during growth on BSO relieved the expres-
sion of APS reductase, the key enzyme for sulfate 
reduction (Vauclare et al., 2002). It is not clear, 
however, whether this control of sulfate uptake in 
the roots and further assimilation is solely control-
led by glutathione or whether other components 
of the glutathione biosynthesis pathway upstream 
of GSH are also involved. Other possible control 
mechanisms might include O-acetylserine, sucrose 
and different phytohormones (Kopriva, 2006).

Homozygous gsh1 knockouts are not capable 
of synthesizing γ-EC and hence GSH. Due to this 
defect these mutants show an embryo-lethal phe-
notype (Cairns et al., 2006). Despite not being 
able to synthesize GSH the homozygous knock-
out embryos develop to their normal size indicat-
ing that cell division during seed development 
can progress without any GSH or, alternatively, 
supply with GSH from maternal tissues. In situ 

labeling of GSH with MCB failed to detect sig-
nificant amounts of GSH (Cairns et al., 2006), 
but it can not be excluded that limited amounts 
of GSH are indeed supplied by the mother plant. 
Very intense fluorescent labeling at the chalaza 
suggested release of GSH from the phloem at this 
point. Because embryonic tissues are symplasti-
cally isolated from maternal tissues, organic and 
inorganic compounds supplied to the embryo have 
to cross three apoplastic borders on the way from 
the phloem to the embryo (Stadler et al., 2005). 
Transport of GSH would thus require highly effi-
cient transport systems on membranes along this 
pathway. Proteins of the OPT family have been 
suggested to facilitate the membrane transport 
of GSH (Bourbouloux et al., 2000; Cagnac et 
al., 2004), but no information is available on the 
involvement of OPTs in seed supply. Alternatively, 
GSH supplied to the seed via the phloem might 
be largely degraded to the amino acids, which are 
then taken up by the embryo. In animals, GSH 
present in the extra cellular space is degraded by 
subsequent action of γ-glutamyl transpeptidases 
(GGTs) and dipeptidases to the respective amino 
acids, which can then be taken up (Meister, 1988; 
Lieberman et al., 1996). Arabidopsis also contains 
a family of 4 GGT genes with homology to human 
and mouse GGTs (Storozhenko et al., 2002). Two 
of the GGTs have recently been assigned to the 
apoplast (Storozhenko et al., 2002; Martin et al., 
2007; Ohkama-Ohtsu et al., 2007a). The fact that 
the apoplast does not contain significant amounts 
of glutathione (Foyer and Noctor, 2005) might 
be indicative of high catabolic activity of GGTs 
towards GSH and GSSG.

D. Catabolism of Glutathione

Inhibition of GSH biosynthesis by BSO leads 
to almost complete depletion of the entire GSH 
pool within 3 days indicating a turnover of the 
GSH pool in normal metabolism (A.J. Meyer, 
unpublished). It is less clear, however, which 
metabolic pathways are responsible for this 
turnover or in which cellular processes GSH 
is being used up. GSH is well known to form 
mixed disulfides with a large number of proteins 
(Shelton et al., 2005) and it might be possible 
that a certain amount of GSH is continuously 
lost during protein turnover. To date, however, 
the effect of protein degradation on the GSH 
pool has not been studied.
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Direct metabolic turnover of the GSH pool 
in the cytosol is unlikely because the distinct γ-
amide bond between glutamate and cysteine can 
be released by only very few enzymes and thus 
protects GSH from catabolism by intracellular 
aminopeptidases. Lack of efficient degradation 
capabilities for the γ-peptide bond also con-
tributes to hyperaccumulation of γ-EC in gsh2 
knockout mutants (Pasternak et al., 2008). The 
only enzymes known to be capable of cleaving 
the γ-peptide bond are the GGTs (see above), 
which are located in either the apoplast or the 
vacuole (Grzam et al., 2007, Martin et al., 2007; 
Ohkama-Ohtsu et al., 2007a; Ohkama-Ohtsu et 
al., 2007b). Similar to glutathione S-conjugates, 
GSSG might be exported to the vacuole for deg-
radation. Such sequestration has been discussed 
as an overspill valve for extremely high GSSG 
concentrations in the cytosol under conditions of 
extreme stress (Foyer et al., 2001). The only cel-
lular compartment for which high concentrations 
of GSSG have been shown is the ER (Hwang et 
al., 1992) and it can be assumed that with each 
vesicle transported to the plasma membrane or 
the vacuole some glutathione is lost. In both cases 
this glutathione would become accessible to deg-
radation by GGTs. In analogy to animals other 
enzyme activities of the γ-glutamyl cycle have 
been described. These enzymes include carbox-
ypeptidases, Cys-Gly dipeptidases, γ-glutamyl 
cyclotransferase and 5-oxo-prolinase (Martin, 
2003 and refs. cited therein). However, so far 
none of these enzymes have been characterized 
at the molecular level.

IV. Cellular Functions of Glutathione 
in Plants

A. Detoxification of Xenobiotics 
and Endogenous Compounds

Plants are generally taking up many toxic com-
pounds from their natural environment with 
little indiscrimination (Coleman et al., 1997). 
There are, however, efficient detoxifying sys-
tems in place to avoid long-term damage. The 
most important pathway for detoxification 
of electrophilic compounds is based on con-
jugation of these compounds to glutathione 
through reactions catalyzed by glutathione S-
transferases (GSTs). The Arabidopsis nuclear 

genome contains 54 genes with high homology 
to GSTs (Edwards and Dixon, 2005). Most plant 
GSTs are predicted to be present in the cytosol, 
but there are also reports of microsomal GSTs, 
nuclear- or apoplast-localized enzymes and of 
gene products bearing plastid-targeting signal 
peptides (Frova, 2003 and refs. cited therein). 
The GSTs are a group of homo- or heterodimeric 
enzymes and due to multiple heterodimer for-
mation a large number of different combina-
tions is possible, which might contribute to the 
broad range of different substrates for conjuga-
tion to glutathione (Edwards and Dixon, 2005). 
After conjugation the glutathione-moiety acts 
as an efficient tag marking the conjugate for 
vacuolar sequestration. This sequestration is 
achieved by multidrug-resistance associated 
proteins (MRPs), a subfamily of ATP-binding 
cassette proteins (Rea et al., 1998; Martinoia 
et al., 2000; Rea, 2007). A number of vacuolar 
ABC-transporters have been shown to transport 
glutathione S-conjugates in vitro (Martinoia 
et al., 1993; Li et al., 1995), but even multiple 
knockouts of ABC-transporters did not signifi-
cantly affect vacuolar sequestration in vivo (A.J. 
Meyer and M.D. Fricker, unpublished results). 
The latter observation is supported by the iden-
tification of at least 10 MRPs on the tonoplast 
(Jaquinod et al., 2007). In vitro ABC-transport-
ers on the tonoplast membrane have also been 
shown to transport GSSG with Km values of 73 
to 400 µM (Foyer et al., 2001). It has been dis-
cussed whether vacuolar sequestration of GSSG 
excessively formed under conditions of oxida-
tive stress might contribute to maintenance of 
a reduced cytosol (Foyer et al., 2001), but this 
hypothesis has not been tested experimentally 
in vivo.

After their formation glutathione S-conjugates 
are further processed. Using MCB as a fluores-
cent probe for GSH it was shown that vacuolar 
sequestration of glutathione S-bimane adducts is 
very fast and completed within 30 min (Fricker 
et al., 2000; Meyer and Fricker, 2000; Meyer et 
al., 2001; Meyer and Fricker, 2002). Using the 
in vivo labeling of GSH with MCB in combina-
tion with HPLC analysis it was recently shown 
that degradation of glutathione S- conjugates 
in Arabidopsis is much slower than vacuolar 
sequestration (Grzam et al., 2006; Ohkama-
Ohtsu et al., 2007b). Vacuolar degradation of 
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conjugates in Arabidopsis is initiated by a   rate-
limiting γ-glutamyl transpeptidase cleaving the 
γ-amide bond and releasing glutamate (GGT4, 
At4g29210; Grzam et al., 2007; Ohkama-Ohtsu 
et al., 2007b). The remaining cysteinylgylcine 
conjugate is quickly undergoing further degrada-
tion to cysteine conjugates (Grzam et al., 2006, 
2007). The latter reaction might be catalyzed by 
a vacuolar dipeptidase, but no enzymatic activity 
has been ascribed yet. Despite very fast vacuolar 
sequestration of glutathione S-conjugates the 
cytosolic enzyme phytochelatin synthase (PCS) 
has been suggested to play an important role in 
catabolism of glutathione S-conjugates by cleav-
ing the glycine residue in the initial degrada-
tion step (Beck et al., 2003; Blum et al., 2007). 
The minor activity of PCS towards glutathione 
S-conjugates and the concomitant release of 
γ-EC-conjugates is, however, much slower than 
sequestration of the glutathione S-conjugates 
even in the presence of PCS-activating heavy 
metals (Grzam et al., 2006).

Besides exogenous toxic compounds nor-
mal metabolism also generates a range of toxic 
by-products, which need to be detoxified. One 
example for endogenous toxic compounds that 
are detoxified via conjugation with GSH is 
methylglyoxal. Glycolysis leads to formation of 
highly toxic methylglyoxal through non-enzy-
matic β-elimination of the phosphate group of 
triose phosphates. Methylglyoxal is reacting 
non-enzymatically with GSH to form a hemi-
thioacetal, which is then further degraded by the 
enzymes glyoxalase I and II (Singla-Pareek et 
al., 2003). During this reaction GSH is released 
again. Similarly, GSH is required as a cofactor 
in isomerization reactions catalyzed by zeta- and 
phi-isoforms of GSTs (Edwards et al., 2000; 
Edwards and Dixon, 2005). Such an isomerase 
activity has been exploited to bioactivate a thia-
diazolidine herbicide through GST-mediated 
isomerization with a GSH conjugate as an inter-
mediate (Edwards et al., 2000).

B. Detoxification of Heavy Metals via 
Phytochelatins: the Glutathione-Based First 
Line of Defense

Higher plants (but also Schizosaccharomyces 
pombe and Caenorhabditis elegans; Rea et al., 
2004) may detoxify heavy metals via enzymatic 

biosynthesis of metal-binding thiolpeptides, the 
so-called phytochelatins (Clemens et al., 2002; 
Tong et al., 2004; Clemens, 2006). The enzyme 
PCS is associated with the papain superfamily 
of cysteine proteases (Rea, 2006; Romanyuk et 
al., 2006). It operates as a γ-glutamylcysteine 
dipeptidyl transferase, transferring a γ-glutamyl-
cysteine unit from one GSH molecule to another 
to form PC

2
, which may be further extended by 

repeated transfer of additional γ-glutamylcysteine 
units. Depending on the species and tissue, phy-
tochelatins may assume different lengths, but in 
general PC

2–4
 are the most abundant ones. The 

reaction mechanism of the PCS enzyme has 
attracted much interest, in particular its activation 
by heavy metal ions. Initially, PCS was thought 
to be directly activated by binding of heavy metal 
ions to Cys residues located in its highly con-
served N-terminal half which has been shown 
to provide the fold for core catalysis. However, 
closer inspection later revealed that PCS cata-
lyzes a bisubstrate transpeptidation reaction in 
which both free GSH and its corresponding metal 
thiolate are co-substrates (Vatamaniuk et al., 
2000; Rea et al., 2004). During catalysis, the PCS 
enzyme forms a covalent γ-glutamylcysteine acyl 
intermediate. In fact, transient acylation of PCS 
occurs at two sites, however, with different ligand 
requirements (Vatamaniuk et al., 2004). Recently, 
the existence of prokaryotic PCS homologs has 
been discovered. These enzymes are only half 
the size of eukaryotic PCS proteins, and contain 
only the N-terminal catalytic domain (Tsuji et al., 
2004; Vivares et al., 2005). For the enzyme from 
Nostoc sp., NsPCS, an enzymatic function has 
been demonstrated; however, this enzyme shows 
both GSH hydrolase and PCS activities, being 
more peptidase- than transpeptidase in its mode 
of action (Tsuji et al., 2004; Vivares et al., 2005; 
Rea, 2006). The protein structure of the NsPCS 
enzyme has recently been resolved (Vivares 
et al., 2005).

PCS expression appears to be constitutive in 
roots and shoots of higher plants, but may be 
further up-regulated in response to heavy metal 
exposure at the transcript and protein level, 
respectively (Lee et al., 2002; Heiss et al., 2003). 
In plants, PCS activation provides the first line 
of defense against toxic levels of heavy metal 
ions, positioning its precursor glutathione in the 
center of heavy metal tolerance. In fact, the first 



172 Andreas J. Meyer and Thomas Rausch

Arabidopsis mutations showing increased Cd 
sensitivity could be assigned to defects in PCS 
(cad1-1; Howden et al., 1995b) and GSH1 (cad2-
1; Howden et al., 1995a; Cobbett et al., 1998), 
respectively (see above). When PCS activity is 
up-regulated in response to Cd exposure, phyto-
chelatins (expressed as GSH equivalents) may 
accumulate 10-fold the tissues GSH concentra-
tion (Schäfer et al., 1998; Haag-Kerwer et al., 
1999; Heiss et al., 1999; Heiss et al., 2003 and 
refs. cited therein), causing a transient decrease 
of GSH content (Ducruix et al., 2006; Herbette 
et al., 2006; Nocito et al., 2006). In response to 
the strong metabolic sink for GSH generated dur-
ing the rapid accumulation of phytochelatins, the 
biosynthesis of GSH and cysteine and the entire 
sulfate assimilation pathway all become acti-
vated (Schäfer et al., 1998; Heiss et al., 1999). 
This activation is based on a coordinate tran-
scriptional up-regulation (Schäfer et al., 1998; 
Xiang and Oliver, 1998; Heiss et al., 1999; Xiang 
et al., 2001; Herbette et al., 2006; Nocito et al., 
2006), and extends to the transcriptional activa-
tion of high affinity sulfate transporters (Nocito 
et al., 2002; Nocito et al., 2006). During early 
biosynthesis of PCs, γ-glutamylcysteine content 
may, at least transiently, increase while cysteine 
levels remain unaffected (Ducruix et al., 2006; 
Nocito et al., 2006), pointing to a limitation of 
glycine and/or GSH2 activity. As feeding glycine 
to Cd-exposed Arabidopsis suspension-culture 
cells prevented the accumulation of γ-glutamyl-
cysteine, it is likely that glycine may turn into a 
limiting factor when GSH synthesis is upgraded 
during PC synthesis; however, this may largely 
depend on the tissue and be less relevant in leaves 
with active photorespiration. This interpretation 
is supported by earlier studies on poplar trans-
formed with γ-glutamylcysteine synthetase from 
E. coli (Noctor et al., 1999), where γ-glutamyl-
cysteine was shown to accumulate in leaves only 
in the dark phase.

The observation of a (at least transiently) 
reduced GSH content as early as 2 h after onset 
of Cd exposure indicates that the cellular redox 
poise will be significantly affected (Herbette et 
al., 2006; Nocito et al., 2006). In their recent 
study on Cd-exposed maize seedlings, Nocito 
et al. (2006) reported a threefold decrease of 
reduced GSH 3 h after Cd exposure, with the 
content of γ-glutamylcysteine remaining almost 

unaffected. Such a shift in the glutathione-based 
cellular redox potential is expected to act as a 
strong signal, and indeed, genes involved in the 
response to reactive oxygen species were among 
the Cd-responsive genes in Arabidopsis (Suzuki 
et al., 2001) and B. juncea (Minglin et al., 2005). 
Recently, Gillet et al. (2006) have shown in a pro-
teomic approach that in the unicellular photosyn-
thetic algae Chlamydomonas reinhardtii several 
proteins related to oxidative stress response are 
indeed up-regulated in response to Cd exposure, 
and that most of the Cd-sensitive proteins were 
also regulated via thioredoxin (TRX) and/or 
GRX.

Based on the concept of phytoremediation, 
several attempts have been made to upgrade the 
potential of plants to accumulate heavy metals 
(Pilon-Smits, 2005 and refs. cited therein). Since 
detoxification of heavy metals via the GSH-based 
formation of PCs is pivotal to both heavy metal 
tolerance and accumulation, genes of the cysteine 
biosynthesis pathway, genes encoding GSH bio-
synthesis (GSH1 and GSH2), and PCS, have all 
been overexpressed in plants, individually or in 
combination (Zhu et al., 1999a,b; Xiang et al., 
2001; Dominguez-Solis et al., 2004; Bittsanszky 
et al., 2005; Pomponi et al., 2006; Wawrzynski 
et al., 2006). While, as expected, an increased Cd 
tolerance and accumulation have been achieved 
in several plant species, including tobacco, pop-
lar and B. juncea, the overall potential of engi-
neering PC biosynthesis, directly or indirectly, 
appears to be rather moderate. In particular, the 
phytoremediation-relevant root-shoot transfer 
of heavy metals proved to remain a major bot-
tleneck. While for Arabidopsis, transfer of PCs 
and Cd from root to shoot and vice versa has 
been demonstrated (Gong et al., 2003; Chen 
et al., 2006), the overexpression of PCS from 
Arabidopsis in tobacco enhanced only Cd tolerance 
but not Cd transfer from root to shoot (Pomponi 
et al., 2006). Whether at the whole plant level, 
redistribution of the PC precursor GSH via mod-
ulation of its long-distance transport plays a role 
in the potential of roots (or shoots) to mount 
their PC defense line is not known, however, 
the observed changes in expression of a puta-
tive GSH transporter in B. juncea at both tran-
script and protein level is indicative of such an 
adaptation (Bogs et al., 2003). To what extent the 
GSH-degrading γ-glutamyl transpeptidases are 
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involved in long-distance transport of GSH (i.e. 
by catalyzing phloem loading and/or unloading 
of GSH or GSSG) remains to be conclusively 
shown (Ohkama-Ohtsu et al., 2007a); if their role 
in GSH transport can be confirmed it would be 
interesting to study their expression in response 
to Cd exposure.

In summary, GSH plays its pivotal role in cel-
lular detoxification of heavy metals most likely in 
two ways, i.e. being the precursor for PC biosyn-
thesis, and acting as a cellular redox sensor due to 
the transient but significant decrease of reduced 
GSH in response to heavy metal exposure.

C. GSH as a Reductant in Normal 
Metabolism

GSH is now well established as an important 
factor in reversible protein modification cata-
lyzed by GRXs (Fernandes and Holmgren, 2004; 
Shelton et al., 2005). The original discovery of 
GRXs as important mediators of GSH-derived 
electrons, however, was related to a metabolic 
process. The GRX system was first discovered 
in thioredoxin deficient E. coli, which were 
still able to reduce ribonucleotides (Holmgren, 
1976). In this case electrons are transferred 
from NADPH to glutathione catalyzed by GR 
and finally to the target protein ribonucleotide 
reductase in a reaction catalyzed by GRXs. 
Besides a large number of diverse GRXs plants 
also contain GRX-motifs fused to other pro-
teins. The best described example is the APS 
reductase which contains a GRX-like domain at 
its C-terminus and uses GSH as hydrogen donor 
(Bick et al., 1998).

While the main function of plant GSTs is the 
conjugation of xenobiotics (see section IV.A.) 
some subgroups of this highly diverse gene fam-
ily have other catalytic functions that do not 
lead to formation of glutathione S-conjugates. 
Several isoforms belonging to the tau-, phi- and 
theta-classes of GSTs have been shown to exhibit 
glutathione-dependent peroxidase activity with 
reductive activity towards organic hydroperoxides. 
In these reactions GSH is oxidized to the respec-
tive sulfenic acid, which spontaneously reacts 
with a second GSH molecule to form GSSG 
(Edwards et al., 2000).

The most prominent use of GSH as an electron 
donor in normal metabolism, however, is the GAC 

in which electrons are transferred from GSH to 
dehydroascorbate (DHA) to regenerate ascorbate. 
The enzyme responsible for this electron transfer 
is dehydroascorbate reductase (DHAR), which 
has also been shown to belong to the GST super-
family (Dixon et al., 2002). These enzymes, in 
contrast to most other GSTs, are monomeric. The 
active site serine residue in this case is replaced by 
a single cysteine, a catalytically essential residue 
that has been proposed to form mixed disulfides 
with GSH during the catalytic cycle (Dixon 
et al., 2002). Arabidopsis contains four different 
DHARs which are predicted to be targeted to the 
cytosol, the mitochondria and chloroplasts. The 
presence of DHAR in both mitochondria and 
chloroplasts has been confirmed by proteomic 
studies (Chew et al., 2003b).

D. The Glutathione–Ascorbate Cycle 
(GAC): Removing Reactive Oxygen 
Species (ROS)

Depending on their in situ concentration and on the 
metabolic context, ROS may act as cellular stres-
sors, or, alternatively, as primary signals which ini-
tiate specific developmental or defense programs, 
either directly or via affecting the redox state of 
cellular antioxidant molecules (Foyer and Noctor, 
2005 and refs. cited therein). Consequently, plants 
have developed mechanisms to induce, to increase 
or to quench ROS accumulation. Thus, under path-
ogen attack, plasma membrane bound NADPH 
oxidase is activated and initiates the “oxidative 
burst” in the apoplast, which in turn plays a major 
role in orchestrating the cellular defense reaction, 
culminating in programmed cell death (hypersen-
sitive response) (Vanacker et al., 2000; Dangl and 
Jones, 2001; Ameisen, 2002; Mou et al., 2003). 
Also, it was recently shown that NADPH oxi-
dase-mediated formation of ROS in the apoplast 
provides an important signal for developmental 
processes like root hair formation (Foreman et 
al., 2003). Conversely, to cope with excessive and 
unregulated accumulation of stress-induced ROS 
in different compartments, e.g. chloroplasts, mito-
chondria, peroxisomes and the cell wall space, a 
set of small antioxidant molecules provides a reg-
ulated network present in different cellular com-
partments (Foyer and Noctor, 2005; Kanwischer et 
al., 2005). Included are glutathione, ascorbic acid, 
α-tocopherol and several secondary plant products 
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with antioxidant activities (e.g. flavonoids). While 
α-tocopherol is a membrane-soluble, lipophilic 
antioxidant, glutathione and ascorbic acid are 
soluble antioxidants present in up to millimolar 
concentrations in most cellular compartments. 
Functionally, the latter are linked in the GAC (Fig. 
2). In principle, electrons from NADPH are used 
to detoxify ROS (namely H

2
O

2
) via a sequence of 

enzymatic steps, which involve the sequential oxi-
dation/reduction of glutathione and ascorbic acid, 
reflecting the redox potentials of the named anti-
oxidants. The GAC has been suggested to oper-
ate in the cytosol, chloroplasts, mitochondria and 
peroxisomes (Chew et al., 2003b; Kuzniak and 
Sklodowska, 2005a; Leterrier et al., 2005). While 
for chloroplasts and mitochondria, GAC func-
tion is certainly required for ROS detoxification 
in these organelles, its operation in peroxisomes 
might also be required to regenerate NADP for 
metabolic function (del Rio et al., 2002; Kuzniak 
and Sklodowska, 2005b). Interestingly, for GR 
and several other GAC enzymes dual targeting to 
chloroplasts and mitochondria has been demon-
strated (Creissen et al., 1995; Chew et al., 2003b). 
As the biosynthesis of glutathione and ascorbic 
acid are strictly compartmentalized (Smirnoff 
et al., 2001; Wachter et al., 2005), transport sys-
tems must exist to shuttle these antioxidants 

between different compartments. As yet,  little is 
known about the involved transporters and their 
mechanism for antioxidant exchange between 
different compartments. While in the apoplast, 
ascorbic acid appears to provide the only redox 
buffer (Horemans et al., 2000; Sanmartin et al., 
2003; Foyer and Noctor, 2005; Pignocchi et al., 
2006), in other organelles glutathione and ascor-
bic acid always operate together in the GAC. The 
role of the central vacuole in cellular redox poise 
has not attracted much attention. However, clearly 
ROS, including H

2
O

2
, may equilibrate with the 

vacuolar compartment which often makes up 
90% of the cellular volume. Several second-
ary plant products, including flavonoids, which 
exhibit antioxidant activity, are localized in the 
vacuole and may possibly act as redox buffer. 
Recently, Bienert et al. (2007) could show that 
H

2
O

2
 is transported via certain types of aquapor-

ins (Arabidopsis TIP1;1 and TIP1;2), providing 
a route for regulated movement of H

2
O

2
 across 

the tonoplast membrane. Interestingly, Arabi-
dopsis lines mutated in TIP1;1 exhibit a strong 
growth phenotype (cell and plant death) with a 
signature reminiscent of oxidative stress (Ma 
et al., 2004).

The above considerations assign a central role 
to the antioxidant pair glutathione–ascorbate for 

Fig. 2. The glutathione–ascorbate cycle. GR: glutathione reductase; DHAR: dehydroascorbate reductase; MDHAR: monode-
hydroascorbate reductase; APX: ascorbate peroxidase; GRX: glutaredoxin; Å: spontaneous disproportionation of monodehy-
droascorbate. The ascorbate part of the cycle is not shown stoichiometrically.
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maintaining cellular redox poise. In particular, 
regulation and compartmentation of glutathione 
and ascorbate biosynthesis, degradation, and the 
exchange of glutathione and ascorbate between 
different compartments via specific transporters 
all impact on GAC function by affecting the pool 
sizes of both antioxidants. As both compounds 
are also largely, but not exclusively synthesized 
in the leaves, at the whole plant level source-sink 
relationships are superimposed on the local dis-
tributions. Thus, ascorbate levels in the root are 
more than 10-fold lower than in photosynthetic 
tissues (C. Kiefer and T. Rausch, unpublished). 
Within GAC itself, individual components of 
this complex enzyme network, including multi-
ple isoforms for SOD, APX, MDHAR, DHAR, 
and GR for different cellular compartment, have 
all be shown to be regulated in their expression 
and/or activity in response to increased ROS 
exposure. Mutant analysis and attempts to engi-
neer the expression of single enzymes of GAC, 
or of enzymes involved in the biosynthesis of one 
of the major cellular antioxidants have revealed 
substantial “cross talk” between GAC compo-
nents. Prominent examples are the GSH1 mutant 
rax1 in Arabidopsis (Ball et al., 2004), the effect 
of ectopic overexpression of DHAR (Chen et al., 
2003), the tocopherol cyclase mutant vte1, and 
the low ascorbate vtc1 mutant (Kanwischer et al., 
2005). In all these cases, changing the level of 
one antioxidant significantly affected the concen-
tration of other antioxidants. In the rax1 mutant 
(Ball et al., 2004), a significantly decreased affin-
ity of GSH1 for its substrate cysteine results in 
a lowered GSH content (Hothorn et al., 2006), 
causing a constitutive up-regulation of a specific 
APX isoform. In the vte1 mutant, increased con-
tents of GSH and AA were observed, whereas in 
the vtc1 mutant the content of α-tocopherol was 
enhanced (Kanwischer et al., 2005). Interest-
ingly, the ectopic expression of a wheat DHAR in 
tobacco and in maize caused not only an increase 
of total AA content, but also led to an up-regula-
tion of total GSH content, and in both cases the 
reduced forms were even more affected (Chen et 
al., 2003). The molecular mechanisms of these 
various types of “cross-talk” between the different 
biosynthetic pathways and/or redox states of indi-
vidual antioxidants are still a matter of  speculation. 
Obviously, a comprehensive and dynamic analy-
sis of all enzymes (including isoforms) and 

antioxidant metabolites at  compartmental and 
high temporal resolution, respectively, would 
be required to develop a model for the observed 
interdependencies. While microarray analysis 
allows to simultaneously follow the expression of 
all contributing enzyme isoforms, at least at the 
transcript level, the recent demonstration of post-
transcriptional and post- translational controls 
(Hothorn et al., 2006; Jez et al., 2006) as well as 
the dynamic changes of subcellular compartmen-
tation preclude any simply predictions based on 
transcriptomics alone.

Finally, another important aspect of GAC-
mediated redox control in different cellular 
compartments is the continuous requirement for 
NADPH to reduce GSSG via GR. At present, 
no experimental studies or model calculations 
are available that would address the metabolic 
costs of GAC operation in different tissues and 
under different stress conditions. While in light-
exposed leaves, the required NADPH is continu-
ously regenerated via photosynthetic electron 
transport, the situation is different in the dark and 
in heterotrophic tissues. Here, GAC operation is 
most likely fueled by NADPH originating from 
the oxidative pentose phosphate (OPP) cycle. It 
would be interesting to determine whether oxida-
tive stress results in significant changes of OPP 
metabolites and what the metabolic costs are in 
terms of glucose oxidized as compared to cellular 
respiration.

E. Glutathione-Dependent Redox 
Signaling

The most important function of glutathione is its 
role in redox buffering of the intracellular milieu 
and, related to this, sensing and transmission 
of deviations form the steady state redox poise. 
Evolution of GSH is thought to be related to the 
evolution of oxygenic photosynthesis and it is 
assumed that the two step biosynthesis pathway 
has evolved in forward direction (see section II.A). 
Due to rapid autocatalytic oxidation of cysteine in 
the presence of transition metals and concomitant 
formation of hydroxyl radicals through a Fenton 
reaction cysteine does not meet the requirements 
of a suitable redox sensor (Meyer and Hell, 2005). 
Formation of the distinct γ-amide bond between 
glutamate and cysteine leads to blocking of the 
α-amino group of cysteine and an α-amino acid 
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like domain at the glutamate residue. This feature 
already greatly reduces metal-catalyzed thiol oxi-
dation of the cysteine residue, which can be even 
further reduced by adding the glycine residue to 
the C-terminus of cysteine (Fahey and Sundquist, 
1991). Despite these important features in terms 
of interactions with transition metals, the redox 
properties of GSH and its precursors are highly 
similar. The standard reduction potentials range 
from −216 mV for the cysteine/cystine couple and 
−240 mV for the GSH/GSSG couple (pH 7.0, 25 °C) 
(Schafer and Buettner, 2001; Jones, 2002). The 
reduction potential of thiols is largely dependent 
on the degree of protonation of the thiol group and 
thus for quantitative comparisons an adjustment of 
−5.9 mV per 0.1 increase in pH needs to be consid-
ered for quantitative calculations. More important, 
however, is the fact that two GSH molecules form 
a single GSSG molecule during oxidation. Thus, 
the concentration of GSH enters the Nernst equa-
tion as a squared term resulting in dependence of 
the reduction potential on both, the total concen-
tration of GSH equivalents ([GSH] + 2[GSSG]) 
and the degree of oxidation of the glutathione pool 
(Equ. 1). The GSH concentration in the cytosol 
is considered to be in the low millimolar range 
(Meyer et al., 2001) and thus 10–50 times higher 
than the cysteine concentration. With the assump-
tion of a similar degree of oxidation the reduction 
potential of glutathione would be about 200 mV 
more negative than that of cysteine. Replacement 
of the glycine residue by other amino acids like 
serine or glutamate does not significantly change 
the redox properties of the thiol group (Krezel and 
Bal, 2003).

E
hc

 = –240 mV – (59.1/2) mV
 * log ([GSH]2/[GSSG]) (1)

The reduction state of the glutathione pool 
is frequently described as > 90% (Noctor, 
2006). Assuming a total glutathione concen-
tration of 1 mM and a degree of oxidation of 
only 1% at pH 7.0 would, according to Equ. 
1, result in a reduction potential of −219 mV. 
The recently developed roGFP enables direct 
redox measurements in living cells (Dooley 
et al., 2004; Hanson et al., 2004; Jiang et al., 
2006). This sensor has a midpoint reduction 
potential of −280 mM at pH 7.0 (Hanson et al., 
2004) and equilibrates specifically with the cellu-
lar glutathione redox buffer (Meyer et al., 2007). 

Imaging of roGFP expressed in the cytosol of 
Arabidopsis and tobacco showed that the sen-
sor is almost completely reduced. This observa-
tion strongly suggests that the actual reduction 
potential of the cellular glutathione redox buffer 
is far more negative than formerly assumed on 
the basis of biochemical analysis of cell extracts. 
With total glutathione concentrations in the low 
millimolar range GSSG would thus be present in 
only sub-micromolar concentrations.

The reduction potential of glutathione can equil-
ibrate with other redox buffers. Unless enzymati-
cally catalyzed such an equilibration would be far 
too slow to have any physiological significance. 
A particular family of disulfide-oxidoreductases, 
the GRXs, are capable of reversibly transferring 
electrons between glutathione and thiol groups 
on target proteins (Fig. 3). It is now apparent that 
GRXs are involved in a large number of different 
cellular processes and that GRXs play a crucial 
role in response to oxidative stress in all organisms 
(Fernandes and Holmgren, 2004; Shelton et al., 
2005; Xing et al., 2006). The ability of GRXs to 
rapidly equilibrate the glutathione reduction poten-
tial with the reduction potential of protein thiols 
can be exploited for signaling purposes. Analo-
gous to O-phosphorylation reversible post-trans-
lational modification of specific thiols can also 
efficiently regulate protein functions. Depending 
on the protein structure this redox-dependent regu-
lation can occur in different forms. Single cysteine 
residues might be glutathionylated and in other 
cases  formation of disulfide bridges between two 
cysteines might occur. Based on these two possi-
bilities target proteins for redox-dependent modi-
fication have been classified in Type I- and Type 
II-nanoswitches (Schafer and Buettner, 2001; 
Meyer and Hell, 2005).

The Arabidopsis genome encodes at least 
31 GRXs (Lemaire, 2004; Xing et al., 2006), 
which are predicted to be present in all subcel-
lular compartments apart the vacuole. Based on 
the cysteine motif of the active site plant GRXs 
cluster in three distinct groups, denominated 
CPYC-, CGFS- and CC-type (Xing et al., 2006). 
The CPYC group is structurally equivalent to the 
classical dithiol GRXs from other organisms, 
while the CC-type GRXs are specific for plants 
and most prominent in higher plants (Xing et al., 
2006). The high number of different GRXs impli-
cates a large number of diverse target  proteins. 
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Because the catalytic mechanism involves only 
the N-terminal cysteine and because GRXs 
only transfer GSH rather than forming mixed 
disulfides with target proteins (Peltoniemi et al., 
2006), most approaches for trapping of mixed 
disulfides between GRXs and their targets simi-
lar to successful approaches for TRXs have 
failed. The only exception is a report by Rouh-
ier et al. (2005) in which 94 putative targets of 
poplar GRX C4 were trapped after mutating the 

second cysteine from the active site. Applying a 
different approach based on labeling of proteins 
with radioactive GSH and mass-spectrometry, 
different studies have recently shown that plant 
cells, like other eukaryotic cells, contain sev-
eral proteins that undergo S-glutathionylation 
(Ito et al., 2003; Dixon et al., 2005; Michelet et 
al., 2005). S-glutathionylation can protect pro-
tein thiols from irreversible oxidation by ROS 
(Ghezzi, 2005). This protective mechanism is 

Fig. 3. Mechanism for reversible interaction of glutaredoxins with target proteins. (a) Glutathionylation of a type I target protein 
(TP). (b) Oxidation and reduction of a type II target protein. Cartoons shown for the oxidation reactions (top) are for a dithiol 
GRX, but reactions are exactly the same for monothiol GRXs, because the catalytic reaction leading to oxidation of a target pro-
tein involves only the N-terminal cysteine of the GRX motif. The glutathionylated intermediate of the target protein is instable 
and a second nearby cysteine can substitute the glutathione moiety thus forming an intramolecular disulfide bridge. In contrast 
to the oxidation reaction, the reduction of target protein disulfides by GRX might involve both active site cysteines (bottom).
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important for retaining protein structure during 
desiccation of resurrection plants (Kranner et al., 
2002). In addition, reversible protein S-glutath-
ionylation as well as GRX-dependent formation 
of disulfide bridges are means for regulation of 
signal transduction and are currently emerging 
as novel mechanisms involved in cellular regu-
lation. To be effective as a regulatory mechanism 
a number of different criteria need to be met: 
First, the function of the modified protein must 
change. Second, the redox-dependent change 
must occur within intact cells in response to a 
physiological stimulus. Third, redox-dependent 
changes must occur at relatively low degree of 
oxidation of the cellular glutathione pool, i.e. 
very low concentrations of GSSG. Fourth, there 
must be rapid and efficient mechanisms for spe-
cific protein modifications in place. And finally, 
there must be rapid and efficient mechanisms for 
reversing the redox-dependent change. While the 
first criterion, change of function, is fulfilled by 
the described glutathionylated proteins TRXf, 
aldolase and triose-phosphate isomerase (Ito et 
al., 2003; Michelet et al., 2005), all other criteria 
remain largely unresolved, mainly because few 
target proteins have been established so far.

The best evidence for full reversibility of 
GRX-dependent post-translational protein 
modification results from expression of redox-
sensitive fluorescent proteins (rxYFP, (Østergaard 
et al., 2001); roGFP (Hanson et al., 2004; 
Jiang et al., 2006). These proteins act as arti-
ficial targets for GRXs (Østergaard et al., 
2004; Meyer et al., 2007) and redox-depend-
ent changes in fluorescence can directly be 
observed in living cells. Changes of fluores-
cence occur in response to the cytosolic glu-
tathione levels and different stimuli  affecting 
the glutathione pool. Due to its redox-poten-
tial of −280 mV roGFP is extremely sensitive 
to minute changes of GSSG indicating that the 
cytosolic glutathione pool in non-stressed cells 
is almost completely reduced with only sub-
micromolar concentrations of GSSG (Meyer 
et al., 2007). Kinetic analysis of fluorescence 
showed that the redox-dependent alteration of 
roGFP in living cells occurs much faster than 
in vitro indicating the involvement of inter-
acting proteins, which are likely to be GRXs. 
GRXs at the same time guarantee the full 
reversibility of the reaction.

In the light of the very small number of 
described glutathionylated proteins the major 
challenge for the future thus is the identifica-
tion of target proteins interacting with GRXs and 
exploring the specificity in these interactions. 
In this context it will also be necessary to study 
the exact localization of the entire set of GRXs 
at subcellular level and the expression during 
development and under stress conditions. Identi-
fication of target proteins will likely highlight the 
potential for cross-talk between different signal 
transduction pathways, which has been shown for 
the cross-talk between plastidic GRX and TRX 
systems already (Michelet et al., 2005). Due to 
the emerging complexity of interacting signal-
ing pathways the entire signaling network cannot 
be described solely by biochemical approaches. 
Instead, quantitative descriptions of glutathione-
dependent signaling and its integration into the 
cellular signaling system, will also rely on the use 
of computer-based modeling tools.
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Summary

The plant sulfolipid sulfoquinovosyldiacylglycerol accounts for a large fraction of organic sulfur in the 
biosphere. Aside from sulfur amino acids, sulfolipid represents a considerable sink for sulfate in plants. 
Plant sulfolipid is found in the photosynthetic membranes of plastids and provides negative charge in the 
thylakoid membrane where it is thought to stabilize photosynthetic complexes. As the plant sulfolipid 
is a non-phosphorous glycolipid, its synthesis does not impinge on the supply of phosphate, which is a 
macronutrient limiting plant growth in many natural environments. Indeed, plants evolved homeostatic 
mechanisms to balance the amount of sulfolipid with anionic phospholipids maintaining a proper level 
of anionic charge in the photosynthetic membrane. The strong anionic nature of the sugar sulfonate head 
group of sulfolipid also makes this lipid an interesting compound for biotechnological applications. As 
bacterial and plant genes encoding sulfolipid enzymes are now available, biotechnological approaches 
can be developed to produce the plant sulfolipid in sufficient amounts to pursue the development of 
practical applications.

Rüdiger Hell et al. (eds.), Sulfur Metabolism in Phototrophic Organisms, 185–200. 185
© 2008 Springer.
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I. Introduction

The plant sulfolipid, sulfoquinovosyldiacylglyc-
erol (SQDG), is a glycoglycerolipid character-
ized by a 6-deoxy-6-sulfoglucose head group 
at the sn-3 position of the glycerol backbone of 
diacylglycerol (DAG) as shown in Fig. 1. Over 
the past 50 years, much has been written about 
the presumed biosynthetic pathway of plant sul-
folipid and its possible function in plants. With 
recent advances in molecular and biochemi-
cal analysis, data are now available for a more 
informed discussion of the biosynthesis and 
function of SQDG in bacteria, algae and plants 
and its biotechnological potential. Bacteria are 
considered here, because the first genes encod-
ing the enzymes directly involved in SQDG 
biosynthesis were discovered in the purple bac-
terium  Rhodobacter sphaeroides (Benning and 
Somerville, 1992a; Benning and Somerville, 
1992b) and the cyanobacterium  Synechococcus 
PCC7942 (Güler et al., 1996; Güler et al., 2000). 
These studies prepared the way for the final elu-
cidation of SQDG biosynthesis in plants and 
algae. Aside from a brief historic overview, we 
will focus on the more recent literature providing 
the current view of sulfolipid biosynthesis and 
function. For additional background information 
the reader is referred to previous reviews on the 
subject ( Benson, 1963; Haines, 1973;  Harwood, 
1980; Barber and Gounaris, 1986; Mudd and 
 Kleppinger-Sparace, 1987; Kleppinger- Sparace 
et al., 1990; Heinz, 1993; Marechal et al., 1997; 
Benning, 1998; Okanenko, 2000; Frentzen, 
2004).

A. Discovery and Historic Perspective

Sulfolipid was discovered by A.A. Benson and 
coworkers in alcohol extracts of [35S]-sulfate-
labeled algae, purple bacteria and plants ( Benson 
et al., 1959). The structure of SQDG was 
 subsequently elucidated as summarized by A.A. 
Benson (Benson, 1963) and later confirmed by 
mass spectrometric analysis (Budzikiewicz et al., 
1973; Gage et al., 1992; Kim et al., 1997). Ana-

lyzing water soluble sulfur-labeled compounds, 
a sulfoquinovose nucleotide was tentatively 
identified in Chlorella extracts, as well as small 
sulfur-labeled compounds (Shibuya et al., 1963) 
interpreted as biosynthetic intermediates. As we 
now know, A.A. Benson correctly proposed that 
a sulfoquinovose nucleotide is the direct head 
group donor for sulfolipid biosynthesis (Benson, 
1963). Moreover, G.A. Barber was the first to 
suggest that the sulfoquinovose nucleotide could 
be formed from a 4-keto-6-deoxy-α-D-glucose 
nucleotide or similar molecule (Barber, 1963) 
and Lehmann and Benson demonstrated that 
sulfoquinovose can be chemically  generated by 
addition of sulfite to methyl 5,6-glucoseenide 
(Lehmann and Benson, 1964). A more detailed 
hypothesis of the nucleotide pathway was pro-
vided by Pugh and colleagues (Pugh et al., 1995b) 
following the genetic demonstration that a sugar 
nucleotide modifying enzyme was critical for 
sulfolipid biosynthesis in the purple bacterium 
Rhodobacter sphaeroides (Benning and Somer-
ville, 1992a). Based on the isolation of the genes 
encoding the enzymes of sulfolipid biosynthesis, 
their biochemical analysis in vitro, and the struc-
ture determination of the UDP-sulfoquinovose 
(UDP-SQ) forming enzyme as described in detail 
below, it is now generally accepted that sulfo-
lipid is synthesized in plants by the nucleotide 
pathway shown in Fig. 2.  Sulfonated 3- carbon or 
2-carbon compounds found in plants or bacteria 
are thought to be degradation products of SQDG 
rather than biosynthetic intermediates (Roy 
et al., 2003).

B. Occurrence in Plants and Bacteria

The plant sulfolipid SQDG represents an 
important component of the global sulfur cycle 
 (Harwood and Nicholls, 1979) as it is found in 
most photosynthetic and a few non-photosynthetic 
organisms. It has been estimated that sulfolipid is 
approximately equal to glutathione in abundance, 
but presumably an order of magnitude less abun-
dant than sulfur amino acids bound in proteins of 
plant tissues (Heinz, 1993). The relative sulfo-
lipid content in plant and algae tissues has been 
reported to be as low as 2% and as high as 50% of 
total polar lipids in marine plants and algae (Har-
wood, 1980; Dembitsky et al., 1990; Dembitsky 
et al., 1991; Heinz, 1993). Because sulfolipid is 

Abbreviations: DAG – diacylglycerol; ER – endoplasmic 

reticulum; PG – phosphatidylglycerol; SQDG – sulfoqui-

novosyldiacylglycerol; TLC – thin-layer chromatography; 

UDP-SQ – UDP-sulfoquinovose
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Fig. 1. Structures of sulfoquinovosyldiacylglycerol (SQDG) and 2-acyl- sulfoquinovosyldiacylglycerol (ASQD).
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the endoplasmic reticulum (ER), and the thylakoid membranes (Thy) are shown. With the exception of the fatty acid synthase 
complex (FAS) depicted as a spiral, enzymes are shown as ovals. They include the UDP-SQ synthase (SQD1), the SQDG 
synthase (SQD2), ferredoxin-dependent glutamate synthase (Fd-GOGAT), ATP-sulfurylase (ATS) and adenosylphosphosulfate 
reductase (APR). Sulfolipid (SQDG) can be derived from the plastid pathway of thylakoid lipid biosynthesis (SQDG

p
), or the 

ER pathway of thylakoid lipid biosynthesis (SQDG
e
). Arrows indicate the direction of net flux in the pathways. Substrates and 

intermediates are: APS, adenosylphosphosulfate; ATP, adenosine triphosphate; GSSG, oxidized glutathione; GSH, reduced 
glutathione; PPi, orthophosphate; SO

3

−, sulfite; SO
4

2−, sulfate; UDP-Glc; UDP-glucose; UDP-SQ, UDP-sulfoquinovose.

found in photosynthetic membranes of bacteria 
and plants where it is associated with photosyn-
thetic complexes, and because chlorophyll con-
tent seems to correlate with sulfolipid content, it 
was concluded that sulfolipid must be important 

for photosynthesis (Barber and Gounaris, 1986). 
However, there is no strict correlation between the 
competence of an organism to conduct photosyn-
thesis and the presence of the SQDG. For example, 
Sinorhizobium meliloti (Cedergren and Hollings-
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worth, 1994; Weissenmayer et al., 2000), differ-
ent species of  Caulobacter and  Brevundimonas 
(Abraham et al., 1997), and even Gram- positive 
bacteria (Langworthy et al., 1976; Sprott et al., 
2006) have been reported to contain SQDG. The 
sulfolipid SQDG as well as other  sulfolipids 
are present in the non-photosynthetic diatom 
Nitzschia alba (Anderson et al., 1978). The oppo-
site has been observed as well, for  example the 
lack of sulfolipid genes and, therefore, SQDG in 
a cyanobacterium (Selstam and Campbell, 1996; 
Nakamura et al., 2003). It should be cautioned, 
though, that SQDG  content of bacteria and plants 
can change depending on growth  conditions 
(Gage et al., 1992;  Benning et al., 1993). As full-
genome sequences for many bacteria are now 
available, a search for genes encoding putative 
sulfolipid biosynthetic enzymes provides a broad 
picture of the distribution and evolution of sulfo-
lipid biosynthesis in different bacteria and plants, 
as will be discussed below.

II. Biosynthesis of 
Sulfoquinovosyldiacylglycerol

During the early phase of research exploring the 
biosynthetic pathway for SQDG in seed plants, 
isolated chloroplasts served as a facile model and 
were employed in numerous studies (Haas et al., 
1980; Kleppinger-Sparace et al., 1985;  Joyard 
et al., 1986; Kleppinger-Sparace and Mudd, 1987; 
Kleppinger-Sparace and Mudd, 1990; Pugh et al., 
1995a; Pugh et al., 1995b; Roy and Harwood, 
1999). The general conclusion from these experi-
ments was that chloroplasts are fully capable of syn-
thesizing SQDG from labeled sulfate when energy 
requirements were met either by  photosynthesis 
or by the supply of nucleotides. Therefore, in 
seed plants chloroplasts must contain the biosyn-
thetic machinery to provide the sulfur and carbon 
precursors for sulfolipid biosynthesis. By synthe-
sizing the proposed head group donor for SQDG 
biosynthesis, the sugar nucleotide UDP-SQ, 
Heinz and colleagues were able to assay the 
SQDG synthase in chloroplast  envelopes (Heinz 
et al., 1989). This assay was used to characterize 
the SQDG synthase and  determine its localization 
on the inside of the inner envelope membrane of 
chloroplasts (Seifert and Heinz, 1992; Tietje and 
Heinz, 1998). However, the definitive determination 

of the pathway of sulfolipid biosynthesis as shown 
in Fig. 2 was made possible by the identification 
of the enzymes at the molecular level and the 
biochemical characterization of the recombinant 
proteins. Sulfolipid biosynthesis in plants requires 
at minimum two specific enzymes: (1) the UDP-
SQ synthase (SQD1), which is responsible for 
the biosynthesis of the head group donor, and (2) 
the SQDG synthase (SQD2) catalyzing the final 
assembly of sulfolipid.

A. Biosynthesis of UDP-Sulfoquinovose

Aside from the sulfoquinovosylated oligosac-
charide side chain of a cytochrome b protein 
from an archaeon (Zähringer et al., 2000), sul-
foquinovose has only been reported to be a sub-
stituent of sulfolipid or its precursor UDP-SQ. 
The existence of UDP-SQ in biological mate-
rials was originally suggested by A.A. Benson 
based on the tentative identification of a sulfur 
labeled sugar nucleotide in extracts of Chlorella 
(Shibuya et al., 1963). A more certain identifi-
cation of UDP-SQ in an organism was accom-
plished in extracts of a sulfolipid-deficient sqdD 
mutant of R. sphaeroides (Rossak et al., 1995). 
This mutant lacks the presumed SQDG synthase 
encoded by sqdD and accumulated the UDP-SQ 
precursor to the extent that it could be readily 
analyzed. Subsequently, UDP-SQ was identi-
fied in extracts from different plants (Tietje 
and Heinz, 1998). Using genetic analysis, 
 Benning and Somerville identified four genes, 
sqdA, sqdB, sqdC, and sqdD of  Rhodobacter 
sphaeroides essential for SQDG biosynthe-
sis (Benning and Somerville, 1992a; Benning 
and Somerville, 1992b). The first gene, sqdA, 
encodes an acyltransferase–like protein (Ben-
ning and Somerville, 1992b) and its precise role 
in SQDG biosynthesis remains to be shown. The 
sqdB gene forms an operon with sqdC and sqdD 
(Benning and Somerville, 1992a), with the sqdD 
gene encoding a predicted glycosyltransferase, 
the presumed SQDG synthase in this bacterium 
(Rossak et al., 1995). The sqdC gene encodes 
a small reductase-like protein and its targeted 
disruption led to the accumulation of sulfoqui-
novosyl-1-O-dihydroxyacetone in the respective 
mutant (Rossak et al., 1997). The original inter-
pretation was that the SqdC and SqdD proteins 
form a functional SQDG synthase with SqdC 



Chapter 10 Plant Sulfolipid 189

providing substrate-specificity to the enzyme 
(Rossak et al., 1997). However, this hypothesis 
needs to be revisited as it seems possible that in 
bacteria SQDG is assembled in a different way 
than shown in Fig. 2 for plants.

Neither sqdA, nor sqdC and sqdD of R. sphaer-
oides seem to be involved in the biosynthesis of 
UDP-SQ and are also not found to be conserved 
in cyanobacteria and plants. However, the sqdB 
encoded protein of R. sphaeroides resembles 
sugar nucleotide modifying enzymes and has its 
apparent orthologue in every SQDG-producing 
organism studied thus far (see evolution of SQDG 
biosynthesis below). Its discovery in R. sphaer-
oides (Benning and Somerville, 1992a) led to the 
identification of the respective sqdB orthologue in 
the cyanobacterium Synechococcus sp. PCC7942 
(Güler et al., 1996), and the orthologues in plants 
(Essigmann et al., 1998; Shimojima and Benning, 
2003) and algae (Riekhof et al., 2003; Sato et al., 
2003b) designated SQD1, and laid the founda-
tion for our current understanding of UDP-SQ 
biosynthesis. The Arabidopsis SQD1 protein was 
localized in the stroma of the chloroplast (Essig-
mann et al., 1998). The structure of SQD1 from 
Arabidopsis was predicted based on its similar-
ity to other sugar-nucleotide modifying enzymes 
and a detailed reaction mechanism was proposed 
(Essigmann et al., 1999) based on a 4-keto-5,6-
glucoseene intermediate as suggested by Pugh 
and coworkers (Pugh et al., 1995b). The SQD1 
protein contains a tightly-bound NAD+residue 
participating in the formation of a 4-keto hexo-
syl group. This 4-keto intermediate is converted 
to a 4-keto-5,6-glucoseene intermediate to which 
sulfite is added. Subsequently, the 4-keto group 
reverts back to the hydroxyl after accepting a 
hydride from the NADH bound in the active site, 
which thereby releases UDP-SQ and regener-
ates NAD+. Detailed structural analysis by X-ray 
crystallography of the Arabidopsis SQD1 dimeric 
protein with NAD + and UDP-glucose (Mulichak 
et al., 1999) supported this reaction mechanism 
and identified the active site residues as shown 
in Fig. 3.

The recombinant SQD1 protein was subse-
quently shown to convert UDP-glucose and 
sulfite to UDP-SQ in vitro (Sanda et al., 2001). 
However, the rate at which the recombinant 
enzyme catalyzed this reaction was very low. 
This left the question whether ancillary proteins 

and additional cofactors might be involved in 
vivo, or whether sulfite might not be the native 
substrate for this enzyme. When the SQD1 pro-
tein was isolated from spinach chloroplasts, it 
purified as a 250 kDa complex suggesting the 
presence of additional proteins in the native com-
plex (Shimojima and Benning, 2003). The K

M
 of 

this native complex for sulfite was at least four-
fold reduced compared to recombinant SQD1 
suggesting an increased affinity for this sub-
strate. Further analysis of the native complex 
revealed that ferredoxin-dependent glutamate 
synthase (FdGOGAT) co-purifies and tightly 
associates with SQD1 (Shimojima et al., 2005). 
The physiological/biochemical relevance of this 
interaction is not yet fully understood. However, 
as FdGOGAT is a flavin-containing protein, it 
could intermittently and covalently bind sulfite 
and deliver it to the active site of SQD1. Mod-
eling of the cyanobacterial FdGOGAT and Ara-
bidopsis SQD1 into a plausible complex supports 
this suggestion (Shimojima et al., 2005). It was 
therefore proposed that FdGOGAT moonlights in 
the synthesis of UDP-SQ by providing sulfite to 
the SQD1 active site. Because sulfite is a highly 
cytotoxic compound that is maintained at very 
low level in plants, the interaction of FdGOGAT 
and SQD1 could overcome this impasse by chan-
neling sulfite to SQD1. However, further experi-
ments will be required to support this current 
working hypothesis.

B. Assembly of 
Sulfoquinovosyldiacylglycerol

For the final assembly of SQDG, R. sphaeroides 
could not serve as a universal model because 
plants have neither orthologues of sqdC nor sqdD. 
When the sqdB gene of the cyanobacterium Syne-
chococcus sp. PCC7942 was first isolated, it was 
found in an operon next to a gene now called sqdX 
(Güler et al., 2000). This gene encodes a protein 
with similarity to other lipid glycosyltransferases 
(Berg et al., 2001), but different from that encoded 
by the R. sphaeroides sqdD gene. Disruption of 
the sqdX gene of Synechococcus sp. PCC7942 
led to SQDG deficiency implicating this protein 
in SQDG biosynthesis in this bacterium (Güler 
et al., 2000). Using this cyanobacterial gene, it 
was subsequently possible to isolate the plant 
orthologue, SQD2, encoding the plant sulfolipid 
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synthase (Yu et al., 2002). Disruption of this gene 
by T-DNA insertion resulted in complete loss of 
SQDG in Arabidopsis. Moreover, co-expression 
of the SQD1 and SQD2 cDNAs from Arabidop-
sis in E. coli led to sulfolipid biosynthesis in this 
bacterium normally lacking this lipid (Yu et al., 
2002). Thus, these two plant genes were suffi-
cient to reconstitute SQDG biosynthesis demon-
strating that the ultimate sulfur donor for SQDG 
biosynthesis must be a common intermediate of 
the sulfur assimilation pathway, such as sulfite, 

present in E. coli. The SQD2 protein was local-
ized inside the plastid (Yu et al., 2002) consistent 
with biochemical data showing that the sulfolipid 
synthase is associated with the inside of the inner 
envelope membrane (Seifert and Heinz, 1992; 
Tietje and Heinz, 1998). In vitro data or crystallo-
graphic data on this membrane-bound enzyme are 
not yet available. Based on these data, the nucle-
otide pathway of sulfolipid biosynthesis in plants 
inside chloroplast and the proteins involved are 
summarized as shown in Fig. 2.

Lys186

UDP-Glc O6’ 

Thr145

Tyr182

C4 of  nicotinamide ring

Wat

Fig. 3. Crystal structure of the Arabidopsis SQD1 protein (PDB entry 1QRR). The SQD1 dimer structure with the NAD + cofac-
tors (light gray solid spheres) and the UDP-Glucose substrates (dark grey solid spheres) is shown in the top panel. The bottom 
panel depicts the active site of an SQD1 monomer with three critical amino acid residues that hydrogen-bond with the substrate 
UDP-glucose O6′ hydroxyl group, and one water molecule (Wat). The carbon 4 of the nicotine amide ring of NAD+ cofactor is 
indicated.
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III. Evolution of Sulfolipid Biosynthesis

In the era of genomics it is now possible to scan 
for the presence of putative sulfolipid genes in 
a large number of genomes. This approach pro-
vides independent means to examine the distri-
bution of sulfolipid biosynthetic competence in 
the natural world and suggests clues towards the 
evolution of sulfolipid biosynthesis. Taking this 
approach, it is immediately clear that the two 
plant genes SQD1 and SQD2 evolved at different 
times. While many genomes show readily iden-
tifiable SQD1/sqdB orthologues suggesting that 
the capability to produce UDP-SQ evolved early 
and presumably only once, SQDG synthases 
were recruited differently in cyanobacteria/plants 
 versus non-cyanobacteria and archaea. The alpha-
 proteobacteria R. sphaeroides and S. meliloti, 
in which the sqd genes have been well studied, 
harbor an SQDG synthase encoded by the sqdD 

gene (Rossak et al., 1995; Weissenmayer et al., 
2000). This gene is not related to the cyanobacte-
rial sqdX gene (Güler et al., 2000) and its plant 
orthologue SQD2 (Yu et al., 2002).

Figure 4 shows the approximate relatedness 
of predicted SQD1/sqdB-like protein sequences 
in bacteria, archaea and plants. Overall UDP-SQ 
synthases are closely related to UDP-glucose epi-
merases and similar sugar nucleotide-modifying 
enzymes. Therefore, many of the presumed UDP-
SQ synthases are not correctly annotated in the 
public databases. On the other hand, without bio-
chemical analysis, one cannot be certain that the 
respective protein indeed represents a UDP-SQ 
synthase. At this time, seven UDP-SQ synthases 
have been experimentally verified as indicated in 
Fig. 4. There is a clear cutoff in sequence similar-
ity between presumed and known UDP-SQ syn-
thases and other enzyme classes and it is apparent 
that animals do not have an UDP-SQ synthase 

AAO39667.1 Spinacia oleracea

AAV31336.1 Oryza sativa 

NP_195029.1 Arabidopsis thaliana

BAC82433.1 Chlamydomonas reinhardtii

BAC07950.1 Thermosynechococcus elongatus

ZP_00673119.1 Trichodesmium erythraeum

ZP_00107617.2 Nostoc punctiforme

NP_440474.1 Synechocystis sp. PCC 6803

ZP_00602440.1 Rubrobacter xylanophilus

ZP_01282990.1 Mycobacterium sp. KMS 

YP_399597.1 Synechococcus sp. PCC 7942

ZP_01006370.1 Prochlorococcus marinus

ABA78726.1 Rhodobacter sphaeroides

ZP_00630509.1 Paracoccus denitrificans

CAC47324.1 Sinorhizobium meliloti

ABA57994.1 Nitrosococcus oceani 

ZP_01017197.1 Parvularcula bermudensis 

ZP_01136732.1 Acidothermus cellulolyticus

EAM93190.1 Ferroplasma acidarmanus 

CAC12201.1 Thermoplasma acidophilum

YP_255129.1 Sulfolobus acidocaldarius 

AAV47944.1 Haloarcula marismortui 
0.1

PLANTS & ALGAE

ARCHAEA

CYANOBACTERIA I

CYANOBACTERIA II

Fig. 4. Rooted tree showing the relatedness of selected SQD1/sqdB protein sequences. Sequences were aligned and the tree was 
built using Clustal W software (Thompson et al., 1994). Genbank accession numbers and species names are indicated. Species 
in which the respective UDP-SQ synthase was experimentally verified are shown in bold.
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related to SQD1/sqdB consistent with their inabil-
ity to produce SQDG. Only sea urchins have been 
reported to contain SQDG and its derivatives in 
their gut (Sahara et al., 1997), but it seems that 
these lipids are derived from their algal diet rather 
than being synthesized by this organism. Overall, 
SQD1/sqdB encoding sequences are present in a 
wide range of archaea, Gram + and Gram- bacte-
ria, cyanobacteria, algae and plants. Whether all 
these organisms produce sulfolipid is not clear. It 
is also possible that UDP-SQ serves as sulfoqui-
novosyl donor for syntheses other than sulfolipid, 
exemplified by the presence of sulfoquinovose in 
a glycoprotein of Sulfolobus acidocaldarius, an 
archaeon (Zähringer et al., 2000). Thus, the capa-
bility to synthesize UDP-SQ evolved very early 
on, but SQDG biosynthesis itself arose independ-
ently at least twice, in bacteria other than cyano-
bacteria, and in plants and cyanobacteria.

IV. Biological Functions of Sulfolipid

A. In Vitro and Correlative Studies

Early inferences regarding the function of sul-
folipid were mostly based on considerations of 
 chemical and molecular properties of SQDG 
(Haines, 1983), the prevalence of SQDG in pho-
tosynthetic organisms, and the analysis of SQDG 
in typical phototrophs. For example, SQDG con-
tent increases during chloroplast development 
(Shibuya and Hase, 1965; Leech et al., 1973) 
and SQDG-specific antibodies inhibit the bio-
chemical activity of photosynthetic membranes 
(Radunz and Schmid, 1992). Moreover, SQDG 
is associated with pigment protein complexes of 
photosynthetic membranes (Menke et al., 1976; 
Gounaris and Barber, 1985; Pick et al., 1985; 
Sigrist et al., 1988) and SQDG is required for 
the functional reconstitution of membrane-bound 
enzymes in vitro (Pick et al., 1987; Vishwanath 
et al., 1996). Sulfolipid specifically interacts with 
signal peptides of chloroplast targeted proteins 
suggesting a role during the import of nuclear 
encoded proteins into plastids (van’t Hof et al., 
1993; Inoue et al., 2001). Sulfolipid has also 
been shown to bind to an annexin in a calcium-
 dependent manner presumably at the cytosolic 
face of the outer envelope (Seigneurin-Berny et 
al., 2000). However, the biological significance 

of this interaction seen in in vitro experiments is 
not clear.

Effects of environmental factors on mem-
brane lipid composition have led to suggestions 
about the conditional importance of plant sul-
folipid. For example, a positive correlation has 
been observed between sulfolipid content and 
salt exposure, particularly in halophytes (Kuiper 
et al., 1974; Müller and Santarius, 1978; Ramani 
et al., 2004; Hamed et al., 2005), or drought expo-
sure (Quartacci et al., 1995; Taran et al., 2000). 
Increases in sulfolipid have also been observed 
in cold-hardened plants (Kuiper, 1970) or during 
the winter season in pine needles (Oquist, 1982). 
However, one of the most striking environmental 
factors affecting sulfolipid content in bacteria and 
plants has been phosphate deprivation (Gage 
et al., 1992; Benning et al., 1993; Güler et al., 
1996; Härtel et al., 1998; Essigmann et al., 1998; 
Sato et al., 2000; Yu et al., 2002; Yu and Benning, 
2003; Sato, 2004) suggesting that sulfolipid can 
substitute to some extent for phosphatidylglyc-
erol to maintain the anionic surface charge of thy-
lakoid membranes.

B. Analysis of Sulfolipid-Deficient Mutants

The knowledge of the genes required for the bio-
synthesis of SQDG has provided genetic tools to 
study the function of the sulfolipid in vivo. An 
interesting picture has emerged from the study 
of SQDG-deficient mutants of bacteria, Arabi-
dopsis and the unicellular alga Chlamydomonas 
 reinhardtii as recently summarized by others 
(Sato, 2004; Frentzen, 2004). Bacterial mutants of 
the photosynthetic purple bacterium Rhodobacter 
sphaeroides (Benning et al., 1993), the cyanobac-
terium Synechococcus sp. PCC7942 (Güler et al., 
1996) or the non-photosynthetic bacterium Sinor-
hizobium meliloti (Weissenmayer et al., 2000) 
disrupted in the sqdB gene essential for SQDG 
biosynthesis and completely lacking sulfolipid 
did not show any growth deficiencies under opti-
mal growth conditions. However, it should be 
noted that for Synechococcus sp. PCC7942, sub-
tle effects of SQDG deficiency on photosystem 
II chemistry were observed, but were  apparently 
not limiting to growth (Güler et al., 1996). Lack 
of sulfolipid did not affect nodule  formation 
induced by S. meliloti (Weissenmayer et al., 
2000). However, R. sphaeroides and Synechoc-
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occus sp. PCC7942 sqdB mutants ceased growth 
much earlier than the wild type under phosphate-
limited growth conditions (Benning et al., 1993; 
Güler et al., 1996). In the respective wild-type 
strains, phosphatidylglycerol content decreased 
while SQDG content increased during phosphate 
deprivation suggesting that SQDG can substitute 
for the anionic phospholipid under phosphate-
limited conditions. The respective sqdB mutants 
maintained their level of phosphatidylglycerol 
following the onset of phosphate limitation and 
therefore depleted in this essential macro nutri-
ent sooner than did wild type. Therefore, in these 
bacteria sulfolipid appears to be of conditional 
importance.

Similar observations were made with an SQDG-
deficient sqd2 mutant of Arabidopsis which 
showed a growth-impairment only after severe 
phosphate depletion (Yu et al., 2002). Phosphati-
dylglycerol content remained high in the mutant 
following phosphate limitation as was observed 
for the bacteria. However, from the analysis of 
phosphatidylglycerol-deficient mutants it became 
clear that this phospholipid has roles beyond 
that of SQDG in Arabidopsis as pgp1 mutants 
impaired in phosphatidylglycerolphosphate syn-
thase activity showed considerable growth and 
photosynthesis defects depending on the severity 
of the allele (Xu et al., 2002; Hagio et al., 2002; 
Babiychuk et al., 2003). When a weak pgp1-1 
allele was combined with an insertion disruption 
allele of sqd2 in Arabidopsis, total anionic lipids 
were reduced to one third of wild-type level lead-
ing to a more severe impairment of growth and 
photosynthesis than in either mutant alone (Yu 
and Benning, 2003). This result suggests that ani-
onic lipids such as SQDG or phosphatidylglyc-
erol are essential for a functional photosynthetic 
membrane. This result also shows that under cer-
tain circumstances, in this case when the overall 
anionic lipid content is low, SQDG-deficiency 
can cause a visible phenotype even under nor-
mal growth conditions, unlike the three bacterial 
examples described above. Indeed, an SQDG-
deficient mutant of Chlamydomonas reinhardtii 
(Sato et al., 1995; Minoda et al., 2002; Minoda 
et al., 2003; Sato et al., 2003a) has shown growth 
defects and impairment of photosynthesis with-
out additional phosphate-limitation. The stability 
of photosystem II was impaired, in particular at 
higher temperatures, and the mutant was more 

sensitive to inhibitors of photosystem II activity. 
However, it is difficult to conclude from these 
results whether the observed defects were specif-
ically due to the lack of SQDG or due to the over-
all decrease in anionic lipids. Moreover, the exact 
molecular defect in the UV-induced hf-2 C. rein-
hardtii mutant used in these studies is not known, 
although the mutant has been backcrossed repeat-
edly to the wild-type in the more recent studies 
to minimize the chance of interfering background 
mutations. When the SQD1 orthologue of C. 
reinhardtii was specifically disrupted by plas-
mid insertion, complete loss of SQDG as well as 
of an acylated derivative of SQDG (Fig. 2) was 
observed and the mutant was more sensitive to 
a photosystem II inhibitor confirming previous 
results observed for the hf-2 mutant (Riekhof et 
al., 2003). However, the loss of two lipids in this 
sqd1 mutant still left ambiguity with respect to a 
causal link between a specific SQDG-defect and 
the observed increased sensitivity against a pho-
tosystem II inhibitor.

A cleaner picture emerged in a direct compari-
son of sqdB-disrupted mutants of Synechococcus 
sp. PCC6803 and Synechococcus sp. PCC7642 
(Aoki et al., 2004), where in the former strain 
SQDG seemed to be essential for growth under 
optimal conditions as was observed in the C. 
reinhardtii studies, and in the latter it was dis-
pensable. Therefore, from the limited analysis of 
SQDG-deficient mutants in different organisms 
one must conclude that SQDG is required, either 
conditionally or outright, to maintain a functional 
photosynthetic membrane, in particularly pho-
tosystem II. One function of SQDG seems to be 
the maintenance of anionic lipid content in the 
thylakoid membrane under phosphate-limited 
conditions and possible other conditions yet to 
be discovered. It seems even possible that pho-
tosynthetic complexes have specific binding sites 
for anionic lipids as was observed in the crystal 
structure of photosystem I for phosphatidylglyc-
erol (Jordan et al., 2001). Recently, an SQDG 
molecule was located close to a regulatory lysine 
residue of cytochrome f in the crystal structure 
of the cytochrome b

6
f complex of C. reinhardtii 

(Stroebel et al., 2003), corroborating the specific 
interaction of this lipid with complexes of the 
photosynthetic membrane. As more refined and 
higher resolution structures become available, it 
is possible that more lipid-binding sites in these 
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complexes will be discovered which can be tested 
for functionality by directed mutational analysis.

V. Biotechnological Applications 
and Production of Sulfolipids

The discoverer of the plant sulfolipid, A.A. Benson, 
considers it “Nature’s Finest Surfactant Mol-
ecule” (Benson, 2002). However, few detailed 
studies of biophysical properties of sulfolipid 
are available, (Shipley et al., 1973; Webb and 
Green, 1991; Howard and Prestegard, 1996; 
Matsumoto et al., 2005a). One reason might be 
that the plant sulfolipid is not readily available in 
larger quantities and with high purity to broadly 
study its applications as a natural detergent mol-
ecule. However, beginning with the discovery 
that SQDG from a marine cyanobacterium poten-
tially has antiviral properties (Gustafson et al., 
1989), attention has turned to this lipid class, and 
an exponentially increasing number of papers 
has been published documenting the biological 
effects of natural or synthetic SQDG or its deriva-
tives, e.g. the monoacylated or beta-linked forms, 
in a number of systems. While it is outside the 
authors’ expertise to critically evaluate the medi-
cal or physiological properties of SQDG and its 
derivatives in the employed model systems, the 
summary of the different reports in Table 1 might 
enable the reader to obtain an initial assessment 
of the biotechnological potential of this com-
pound class.

Chemical synthesis of sulfolipid, in par-
ticular its chiral synthesis, is complex and pre-
sumably expensive (Gordon and Danishefsky, 
1992; Hanashima et al., 2000a; Hanashima et 
al., 2000b; Hanashima et al., 2001) but has led 
to the limited availability of stereoisomers and 
different derivatives of the naturally occurring 
SQDG used in the studies described above. The 
alternative production of sulfolipids from natu-
ral resources is currently impeded by two fac-
tors: 1. While basic protocols for the isolation 
and purification of SQDG from plant tissues are 
available (O’Brien and Benson, 1964; Norman et 
al., 1996), they are not practical for a large scale 
commercial setting because they are based on 
halogenated solvents, which require expensive 
measures to contain their environmental hazards. 
There is a clear need for the development of an 
economic and environmentally friendly extrac-
tion and purification procedure for SQDG if this 
natural compound class should become commer-
cially valuable. 2. The yield of SQDG from read-
ily available agricultural materials is relatively 
low. Attempts at cultivation of cyanobacteria 
for the optimization of SQDG yield have been 
made (Archer et al., 1997), but what is needed is 
an even richer natural resource for SQDG. The 
availability of sulfolipid biosynthetic genes and 
our increasing knowledge about sulfur and sul-
folipid metabolism of plants might enable us one 
day to engineer plants that are sufficiently rich in 
SQDG content to allow a commercial harvest of 
this valuable natural compound.

Table 1. Summary of reported biological effects of the plant sulfolipid and its derivatives.

Biological effect Sulfolipida Citation

Anti AIDS/inhibition of 
reverse transcriptase

SQDG, SQMG, acylated 
forms of SQDG

Gustafson et al., 1989; Gordon and Danishefsky, 1992; Reshef et al., 
1997; Ohta et al., 1998; Loya et al., 1998

Inhibition of mammalian 
polymerases

SQDG, SQMG, βSQDG Mizushina et al., 1998; Ohta et al., 1999; Ohta et al., 2000; Murakami 
et al., 2002; Mizushina et al., 2003a; Murakami et al., 2003a; 
Murakami et al., 2003b; Mizushina et al., 2003b; Kuriyama et al., 
2005; Matsumoto et al., 2005b

Anti-tumor effects SQDG, SQMG Shirahashi et al., 1993; Sahara et al., 1997; Ohta et al., 2001; Quasney 
et al., 2001; Sahara et al., 2002; Murakami et al., 2004; Hossain et al., 
2005; Matsubara et al., 2005; Maeda et al., 2005

Inhibition of Telomerase SQDG Eitsuka et al., 2004

Immunosuppressant βSQDG Matsumoto et al., 2000; Matsumoto et al., 2004; Shima et al., 2005

Anti-inflammatory effects SQDG Vasange et al., 1997; Golik et al., 1997

aSQDG, sulfoquinovosyldiacylglycerol (naturally occurring α-anomeric form); βSQDG, synthetic β-anomeric form; SQMG, sulfoquinovosyl-

monoacylglycerol.
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VI. Concluding Remarks

Research towards the biosynthesis and function of 
the plant sulfolipid has come a long way since the 
discovery of SQDG approximately 50 years ago. 
Based on genetic and biochemical analyses we are 
reasonably certain now that two proteins, SQD1 
and SQD2, are crucial for SQDG biosynthesis in 
plants. The pathway depicted in Fig. 2 summarizes 
our current knowledge about SQDG biosynthesis in 
plants and cyanobacteria. What remains uncertain 
is the involvement and role of ancillary proteins 
that make the process sufficiently efficient in vivo. 
Although the first SQDG genes were identified 
in purple bacteria, their exact roles are less clear 
and it seems possible that sulfolipid is assembled 
differently in alpha-proteobacteria than in plants. 
The UDP-SQ synthase, on the other hand, is well 
conserved in many diverse organisms. This raises 
the question whether sulfoquinovose can be a moi-
ety of biomolecules other than SQDG as has been 
reported for a bacterial glycoprotein (Zähringer 
et al., 2000).

The function of sulfolipid in vivo can be traced 
to its anionic non-phosphorous properties, which 
apparently make this lipid a highly suitable com-
ponent of photosynthetic membranes. As new 
high-resolution structures of photosynthetic and 
other biosynthetic membrane complexes in the 
chloroplast become available, it seems likely that 
new specific binding sites for SQDG in these 
complexes might be discovered. These antici-
pated findings will enable more direct approaches 
to test specific roles of SQDG.

With the availability of the genes required 
for the biosynthesis of SQDG, biotechnological 
approaches towards the production of sulfolipid 
can now be devised. The number of publications 
reporting potentially beneficial health effects 
and applications for SQDG and its derivates has 
increased exponentially during the past three 
years. It seems likely that as SQDG becomes 
more widely available, necessary follow up stud-
ies will become more facile.
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Summary

Although sulfur-containing products of secondary metabolism are rather unusual plant constituents, they 
play an important role in plant–pest interactions in a variety of different plant families and constitute 
major chemical defenses in the Brassicaceae, Alliaceae and Asteraceae. Besides their role as key players 
in two activated plant defense systems, the glucosinolate–myrosinase system of the Brassicaceae and the 
alliin–alliinase system of the Alliaceae, sulfur-containing compounds include prominent phytoalexins 
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with structures ranging from elemental sulfur to the alkaloid-like camalexin and complex polypeptides 
like the defensins. Due to the diversity in chemical structures and modes of action, sulfur-containing 
 natural products provide plants with a versatile array of chemical defenses against a broad range of 
potential enemies. The use of the model plant Arabidopsis thaliana has considerably advanced our 
understanding of the biochemistry of several classes of these compounds including the glucosinolates, 
camalexin and the defensins at the molecular level. This has paved the way for metabolic engineering 
projects aimed at elucidating the ecological roles of sulfur-containing defenses as well as at improving 
the nutritional value and pest resistance of crop plants.

I. Introduction

Compared to the huge classes of most ubiqui-
tously distributed secondary metabolites such 
as terpenoids and alkaloids, the sulfur-contain-
ing products of secondary metabolism are rather 
unusual plant constituents. Consequently, their 
role in plant defense seems to be rather limited 
at first glance. However, a closer look reveals 
that sulfur-containing secondary metabolites are 
involved in several different types of chemical 
defenses, including constitutive, induced and 
activated defenses in a broad range of higher 
plant species as well as mosses and algae. 
Among these sulfur-containing defenses, one 
finds both compounds that occur only in a few 
related plant families and constitute major chem-
ical defenses in these families (e.g. camalexin 
and related compounds from the Brassicaceae, 
the glucosinolates from the Brassicales, the alli-
ines from the Alliaceae, and the thiophenes from 
the Asteraceae) as well as compounds which are 
distributed rather widely (e.g. elemental sulfur 
and the defensins). Only a few of these chemical 
defenses, namely the glucosinolates, camalexin 
and the defensins, have been studied exten-
sively on a molecular level. In this review, we 
survey the principal sulfur-containing second-
ary metabolites in plants summarizing what is 
known about their structures, distribution and 
biosynthesis. Special emphasis is placed on the 

roles of these compounds in defense against her-
bivores and pathogens.

II. Sulfur and Activated Plant Defense

Among the sulfur-containing secondary metabo-
lites, two groups of compounds are involved in 
so-called activated plant defense systems, the 
glucosinolates and the alliins. In the intact plant 
tissue, these compounds, which are relatively 
physiologically inert by themselves, are spatially 
separated from their hydrolyzing enzymes, the 
myrosinases and alliinases, respectively. When 
the tissue is damaged, for example upon  herbivore 
attack, the parent compounds are converted to 
biologically active products by the action of the 
hydrolyzing enzymes. The precursors as well as 
the activating enzymes are usually stored in very 
high amounts so that a fast release of  sufficient 
amounts of hydrolysis products is ensured. 
Besides their role in plant defense, many stud-
ies on both glucosinolates and alliins have also 
been motivated by the health-promoting effects 
of these compounds in the human diet. During the 
past decade, research on glucosinolates has been 
benefited enormously from the resources that 
have become available through the Arabidopsis 
genome and transcriptome projects.

A. Glucosinolates

1. Structure, Occurrence and Biological 
Significance

The core structure of glucosinolates consists of a 
β-D-thioglucose group linked to a (Z)-N-hydrox-
iminosulfate ester and a variable side chain 
that is derived from an amino acid and can be 
aliphatic, aromatic or indolic (Fig. 1a; Ettlinger 
and Lundeen, 1957). To date, about 140 glucosi-

Abbreviations: ESP – epithiospecifier protein; IAOx – indole-

3-acetaldoxime; MCSO – (+)-S-methyl-L-cysteine sulfoxide; 

PeCSO – (+)-S-trans-1-propenyl-L-cysteine sulfoxide; PCSO 

– (+)-S-propyl-L-cysteine sulfoxide; S0 – elemental sulfur; 

S-cells – sulfur-rich cells; SEM–EDX – scanning electron 

microscopy–energy dispersive x-ray microanalysis; TFP 

– thiocyanate-forming protein
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Fig. 1. Examples of sulfur-containing defense compounds. (a) Chemical structures of an aromatic, an aliphatic and an indole 
glucosinolate. (b) S-2-propenyl L-cysteine sulfoxide (alliin), the precursor of the characteristic flavor compounds of garlic, trans-
S-1-propenyl L-cysteine sulfoxide and S-propyl L-cysteine sulfoxide, both found in onion, and S-methyl L-cysteine  sulfoxide, 
present in most Allium species and in some Brassicaceae. (c) Camalexin (3-thiazol-2′-yl-indole), the major phytoalexin in 
Arabidopsis thaliana, (d) 5-(3-buten-1-ynyl)-2,2′-bithiophene, a predominant dithiophene in roots of Tagetes species, and the 
trithiophene α-tertienyl.

nolate structures have been identified (D’Auria 
and Gershenzon, 2005; Halkier and Gershenzon, 
2006). Their occurrence seems to be restricted 
to the order Brassicales which includes the 
 agriculturally important Brassicaceae as well as 
the Capparaceae, and the Caricaceae. The iden-
tification of glucosinolates in representatives of 
the genus Drypetes (Euphorbiaceae) is the only 

report of their occurrence outside the Brassicales 
(Fahey et al., 2001).

While intact glucosinolates play a role as cues 
for host identification, oviposition and feeding of 
insects specialized on glucosinolate-containing 
plants (see below), their defensive potential arises 
mainly from the hydrolysis products formed by 
the action of myrosinases upon tissue damage 
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(Matile, 1980; Rask et al., 2000). Myrosinases 
(EC 3.2.1.147) catalyze the hydrolysis of the thi-
oglycosidic linkage in the glucosinolate skeleton 
leading to the formation of glucose and an unsta-
ble aglycone which can spontaneously undergo a 
Lossen rearrangement to an isothiocyanate (Fig. 2; 
Ettlinger and Lundeen, 1957; Benn, 1977; Bur-
meister et al., 2000). If the glucosinolate side 
chain bears a hydroxyl group in the C-2 posi-

tion, the corresponding isothiocyanate spontane-
ously cyclizes to form an oxazolidine-2-thione. 
 Isothiocyanates derived from indole glucosi-
nolates are also unstable and rapidly rearrange to 
indole-3-carbinols which subsequently react with 
free ascorbate to form ascorbigens (Chevolleau 
et al., 1997; Agerbirk et al., 1998). In many plant 
species, glucosinolates can be hydrolyzed to 
alternative products, such as simple nitriles, epi-

Fig. 2. Glucosinolate hydrolysis. Upon damage of plant tissue, myrosinases catalyze the hydrolysis of glucosinolates to glucose 
and unstable aglyca. These aglyca can rapidly rearrange to form isothiocyanates or, in case of glucosinolates with a 2-hydroxy-
lated side chain, oxazolidine-2-thiones. Spontaneous rearrangement of the unstable isothiocyanates derived from indole glu-
cosinolates leads to the generation of indole-3-carbinols which subsequently react with free ascorbate to form ascorbigens. In 
the presence of an epithiospecifier protein (ESP), simple nitriles or epithionitriles are formed at the expense of isothiocyanates. 
Organic thiocyanates are formed in the presence of a thiocyanate-forming protein (TFP). (R, R′, variable side chains).
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thionitriles, and thiocyanates due the presence of 
additional protein factors (Tookey, 1973; Hasapis 
and MacLeod, 1982; Petroski and Kwolek, 1985; 
Lambrix et al., 2001; Burow et al., 2007). Epith-
iospecifier proteins (ESPs) have been identified 
in Brassica napus, B. oleracea, and Arabidopsis 
thaliana and redirect the hydrolysis of glucosi-
nolates from isothiocyanate to nitrile formation 
without having hydrolytic activity on glucosi-
nolates themselves (Bernardi et al., 2000; Lam-
brix et al., 2001; Burow et al., 2006a; Matusheski 
et al., 2006). In Lepidium sativum, benzyl thio-
cyanate formation is promoted by a thiocyanate-
forming protein with high sequence similarity to 
ESPs (Burow et al., 2007).

Many glucosinolate hydrolysis products have 
been demonstrated to act as toxins, growth inhib-
itors, or feeding deterrents on a wide range of 
potential enemies, including mammals, birds, 
insects, mollusks, aquatic invertebrates, nema-
todes, bacteria, and fungi (Chew, 1988; Louda 
and Mole, 1991; Li et al., 2000; Tierens et al., 
2001; Buskov et al., 2002; Wittstock et al., 2003; 
Lazzeri et al., 2004; Noret et al., 2005). When 
tested for their activities against insects, glucosi-
nolate breakdown products have been reported to 
be effective in the gas phase, upon contact, and 
after ingestion (Wittstock et al., 2003). The type 
of hydrolysis products which have been most 
 frequently demonstrated to be toxic to both gener-
alist and specialist insects are the isothiocyanates 
(Lichtenstein et al., 1962; Seo and Tang, 1982; 
Li et al., 2000; Agrawal and Kurashige, 2003). 
Although isothiocyanates are known to react with 
amino and sulfhydryl groups of proteins in vitro 
(Kawakishi and Kaneko, 1987), their mode of 
action remains to be investigated in vivo. Thiocy-
anates and simple nitriles have also been reported 
to be toxic to some insect species, but no infor-
mation is available on the biological activities of 
epithionitriles (Wittstock et al., 2003). Although 
only few studies have been carried out to com-
pare the effects of different hydrolysis products 
derived from the same parent glucosinolate, 
nitriles are generally considered to be less toxic 
to insects than isothiocyanates and may therefore 
serve other functions than direct chemical defense 
(Lambrix et al., 2001; Burow et al., 2006b).

Although the glucosinolate–myrosinase  system 
has been shown to defend plants against general-
ist herbivores (Li et al., 2000), a number of insect 
species has developed sensory and biochemi-

cal adaptations that allow them to colonize glu-
cosinolate-containing plants without negative 
effects. Besides the intact glucosinolates (Chun 
and Schoonhoven, 1973; Nielsen, 1978; Städler, 
1978; Louda and Mole, 1991), such specialized 
feeders also use glucosinolate hydrolysis prod-
ucts as feeding and oviposition cues (Rojas, 1999; 
Gabrys and Tjallingii, 2002; Miles et al., 2005). 
For  example, both isothiocyanates and simple 
nitriles are involved in the long distance  attraction 
of some specialized beetles (Pivnick et al., 1992; 
Bartlet et al., 1997). Allyl isothiocyanate has been 
reported to attract wasps that  parasitize insect 
 herbivores on brassicaceous plants (Titayavan and 
Altieri, 1990; Pivnick, 1993; Murchie et al., 1997). 
Biochemical mechanisms used by specialist her-
bivores on the Brassicaceae to overcome the glu-
cosinolate–myrosinase system have recently been 
studied on a molecular level. Larvae of the small 
cabbage white butterfly Pieris rapae can circum-
vent poisoning by the glucosinolate–myrosinase 
system by redirecting glucosinolate hydrolysis 
away from isothiocyanate formation towards the 
formation of the corresponding nitriles which can 
then be excreted with the feces (Wittstock et al., 
2004). A contrasting mechanism was found in the 
diamondback moth Plutella xylostella. The larvae 
accumulate a sulfatase in their guts which converts 
the glucosinolates ingested with the plant material 
into desulfoglucosinolates and thereby prevents the 
hydrolysis of glucosinolates into the toxic isothio-
cyanates (Ratzka et al., 2002). Other insect herbiv-
ores are able to sequester intact glucosinolates from 
their host plants (Aliabadi et al., 2002; Müller et al., 
2002). The cabbage aphid, Brevicoryne brassicae, 
has been shown to produce its own myrosinase, 
which most  probably aids in the amplification of an 
alarm signal within an aphid colony upon attack by 
predators (Bridges et al., 2002).

2. Compartmentalization 
of the Glucosinolate–Myrosinase System

As a fundamental principle of activated plant 
defenses, the compartmentalization of glucosi-
nolates, the biologically inactive substrates, sepa-
rately from myrosinases, the activating enzymes, 
has been investigated in several species of the 
Brassicaceae on the cellular and subcellular 
level using histological, immunocytochemical, 
 autoradiographic, promoter-GUS fusion and in-
situ hydridization techniques. While the compart-
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mentalization of the glucosinolate–myrosinase 
system appears to be achieved on the subcellu-
lar level in seeds and seedlings of B. napus and 
B. juncea because myrosinase and glucosinolates 
were detected in the same cells (Kelly et al., 1998; 
Thangstad et al., 2001), the two components are 
stored in separate cells of other tissues. High 
 concentrations of sulfur detected by x-ray  analyses 
indicate the accumulation of glucosinolates in 
specific cells between the vascular  bundles and 
the endodermis (S-cells) and in epidermis cells 
of A. thaliana flower stalks as well as in the root 
cap and the cortex of Sinapis alba roots (Wei 
et al., 1981; Koroleva et al., 2000). Immunocyto-
chemical studies on different organs of B. napus 
and A. thaliana revealed that the myrosinases 
are localized in the vacuoles of idioblasts in the 
phloem parenchyma (Andreasson et al., 2001; 
Ueda et al., 2006). The presence of  myrosinases 
in phloem cells which are presumably  adjacent 
to the glucosinolate-rich S-cells (Koroleva et al., 
2000) was also confirmed by investigations on the 
activities of myrosinase promoters using  promoter-
GUS and promoter-GFP fusion  constructs in A. 
thaliana (Husebye et al., 2002; Thangstad et al., 
2004). In the latter studies, myrosinase expression 
was also shown to be directed to guard cells. As 
the compartmentalization on the cellular level is 
destroyed upon attack by chewing herbivores, it 
enables the plant to release the biologically active 
compounds within a short period of time from pre-
formed precursors that can be stored safely. In con-
trast, sucking  herbivores may be able to circumvent 
the disruption of multiple cells and thereby the 
release of toxic products (Moran et al., 2002).

3. Glucosinolate Biosynthesis

As major secondary metabolites of the agri-
culturally important crops of the Brassicaceae 
family such as oil seed rape and cabbage, the 
nutritional value of glucosinolates as constitu-
ents of animal feed and the human diet has been 
studied extensively (Verhoeven et al., 1997; 
Griffiths et al., 1998). Both anti-nutritional and 
health- promoting compounds have been identi-
fied among the glucosinolate hydrolysis products 
(Bradshaw et al., 1984; Zhang et al., 1992; Fahey 
et al., 1997). Together with the known defensive 
role of the glucosinolate–myrosinase system, this 
has prompted the desire to specifically manipu-

late glucosinolate profiles in agricultural crops 
to improve their nutritional value as well as their 
pest resistance and has been one major driving 
force of biosynthetic studies. To date, most steps 
of the pathway leading from few protein amino 
acids (alanine, leucine, isoleucine, methionine, 
valine, phenylalanine, tyrosine, tryptophan) to 
the variety of glucosinolate structures have been 
identified. In the first phase of glucosinolate 
 biosynthesis, certain protein amino acids that 
serve as precursors for aliphatic or aromatic glu-
cosinolates are elongated by sequential insertions 
of one to nine methylene groups into the side 
chain (Fahey et al., 2001). In the second phase, 
a protein amino acid or its chain-elongated deriva-
tive is converted to the core structure common to 
all glucosinolates. The first step in this reaction 
sequence, the conversion of the amino acid into 
an aldoxime, is catalyzed by cytochrome P450-
dependent monooxygenases of the CYP79 family 
(Wittstock and Halkier, 2002). Aldoxime forma-
tion from tryptophan seems to be critical not only 
for the biosynthesis of indole glucosinolates, but 
also for camalexin biosynthesis and auxin home-
ostasis (Fig. 3; Hull et al., 2000). After the bio-
synthesis of the core structure, the glucosinolate 
side chain can undergo various secondary modi-
fications, such as hydroxylation, O-methylation, 
desaturation, acylation, and glycosylation in the 
third phase of the pathway (Fahey et al., 2001; 
Halkier and Gershenzon, 2006). With the iden-
tification of most of the genes involved in glu-
cosinolate biosynthesis in Arabidopsis (Grubb 
and Abel, 2006), metabolic engineering of the 
pathway in crop plants has become a realistic 
possibility (Halkier and Du, 1997).

B. S-Alkyl-Cysteine Sulfoxides (Alliins)

1. Structure, Bioactivation 
and Ecological Roles

Like glucosinolates, the S-alkyl-cysteine sulfoxides 
(alliins) found in the Alliaceae, which includes 
widely used vegetable and spice plants such as 
onion (Allium cepa L.), garlic (Allium sativum 
L.), leek (Allium porrum L.), and chives (Allium 
schoenoprasum L.), are preformed secondary 
metabolites that are activated by hydrolyzing 
enzymes upon tissue damage. Various pharma-
cological effects have been ascribed especially 
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to garlic or its ingredients, e.g. inhibition of 
blood clotting, lowering of blood lipid level and 
blood pressure as well as antiviral, antifungal, 
 antimicrobial, and cancerostatic properties (Tsai 
et al., 1985; Block, 1992; Agarwal, 1996; Griffiths 
et al., 2002). The compounds that are responsible 
for the typical flavor and odor of garlic, onions, 
and related species have been intensely studied 
since the 1940s when it was recognized for the 
first time that odorless precursors present in the 
intact plant tissue are cleaved to organosulfur 
volatiles upon tissue damage (Cavallito et al., 
1945; Stoll and Seebeck, 1947). In Allium spe-
cies, the diversity of flavor compounds produced 
can mainly be attributed to four (+)-S-alkyl-L-
cysteine sulfoxides (Fig. 1b), but more structures 
of flavor precursors have been identified (Kubec 
et al., 2000; Kubec et al., 2002a; Kubec et al., 
2002b; Jones et al., 2004). (+)-S-alkyl-L-cysteine 
sulfoxides are also present in several members 
of the Brassicaceae, in tropical plants of the Phy-
tolaccaceae and Olacaceae as well as in fruiting 
bodies of Basidiomycetes (Gmelin et al., 1976; 
Stoewsand, 1995; Kubota et al., 1998; Kubec 
and Musah, 2001; Kubec et al., 2001).

The bioactivation of (+)-S-alkyl-L-cysteine 
sulfoxides upon tissue disruption is accomplished 
by a group of C-S-lyases known as alliinases (EC 

4.4.1.4). Alliinases catalyze the cleavage of the 
Cβ–Sγ bond of (+)-S-alkyl-L-cysteine  sulfoxides 
which results in the  generation of pyruvate, 
ammonia, and thiosulphinates (Fig. 4). The latter 
are very reactive compounds and undergo subse-
quent chemical rearrangements to form dialk(en)yl 
sulfides, dithiines, ajoenes, and various other vol-
atile and non-volatile organosulfur compounds 
(for review see Whitaker, 1976; Block, 1992). In 
onion, the relative contribution of the different 
flavor precursors to the blend of  sulfur-containing 
compounds may be influenced by the distinct sub-
strate specificity of onion  alliinase which prefers 
S-trans-1-propenyl-L-cysteine  sulfoxide (PeCSO) 
over S-methyl-L-cysteine sulfoxide (MCSO) and 
S-propyl-L-cysteine sulfoxide (PCSO) (Nock and 
Mazelis, 1987; Coolong and Randle, 2003). The 
formation of the  lachrymatory volatile released 
by chopped onions, propanthial-S-oxide, from 
PeCSO requires not only alliinase activity but 
also the presence of propanthial-S-oxide syn-
thase (Imai et al., 2002). Spatial separation of 
(+)-S-alkyl-L-cysteine sulfoxides and alliinases 
in intact plants is achieved on the subcellular and 
the cellular level, respectively, depending on the 
plant species. The (+)-S-alkyl-L-cysteine sulfox-
ides are cytosolic compounds as demonstrated 
by cell fractionation after tracer feeding studies 

Fig. 3. Metabolic link between glucosinolate and camalexin biosynthesis. The central intermediate in the biosynthesis of both 
indole glucosinolates and camalexin is indole-3-acetaldoxime which is formed from tryptophan by the cytochrome P450-
dependent monooxygenases CYP79B2 and CYP79B3 and is subsequently directed into indole glucosinolate or camalexin 
biosynthesis. Aldoxime formation from methionine and its chain-elongated derivatives in the biosynthesis of aliphatic glucosi-
nolates is catalyzed by two other members of the CYP79 family, CYP79F1 and CYP79F2.
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in onion (Lancaster and Collin, 1981; Lancaster 
et al., 1989). Onion alliinase is sequestered in 
the vacuoles throughout the leaf tissue (Lancas-
ter and Collin, 1981). In contrast, garlic alliinase 
is accumulated only in the vacuoles of the bun-
dle sheath cells as shown by staining of alliinase 
activity and immunolocalization in sections of 
garlic cloves (Ellmore and Feldberg, 1994).

The sulfur-containing compounds formed from 
(+)-S-alkyl-L-cysteine sulfoxides upon tissue dis-
ruption are thought to serve a protective  function 
against pathogens and herbivores (Ellmore and 
Feldberg, 1994; Ankri and Mirelman, 1999). 
However, certain specialized fungi and insect 
 herbivores of Allium species have adapted to 
these chemicals and use them for host finding and 
 identification. For example, germination of scle-
rotia of Sclerotium cepivorum causing the white 
rot disease in onion and garlic depends on the 
presence of the (+)-S-alkyl-L-cysteine  sulfoxide 
hydrolysis products under field conditions (Coley-
Smith, 1986). As an example of insects special-
ized on onion and closely related Allium species, 
females of the onion fly (Delia antiqua) respond to 
n-dipropyl disulfide in a dose-dependent  manner 
during host plant finding and oviposition as dem-
onstrated by both behavioural assays and elec-
troantennogram recordings (Romeis et al., 2003). 
Larvae of the leek moth (Acrolepiopsis assectella) 
even sequester (+)-S-alkyl-L-cysteine sulfoxides 
from leek and other Allium species to protect them-
selves from predatory ants (Le Roux et al., 2002).

2. Biosynthesis of Alliins

The positive effects of (+)-S-alkyl-L-cysteine sul-
foxides and their hydrolysis products in numer-
ous pharmacological test systems have motivated 
a large number of studies on their biosynthesis. 
Two pathways for (+)-S-alkyl-L-cysteine sul-
foxide formation have been proposed based on 
tracer feeding studies. Central intermediates in 
the first pathway identified in leaves of A. cepa, 
A. sativum, and A. siculum are the so-called 
γ-glutamyl peptides (glutamyl-cysteine derivatives) 
formed from glutathione (Fig. 4; Granroth, 1970; 
Lancaster and Shaw, 1989). Apart from their role 
as intermediate in (+)-S-alkyl-L-cysteine sulfoxide 
biosynthesis, γ-glutamyl peptides have been sug-
gested to represent a storage form for nitrogen and 
sulfur (Lancaster and Shaw, 1991; Randle et al., 

2002). This assumption is supported by the finding 
that several species of the Fabaceae family accu-
mulate γ-glutamyl peptides in their seeds although 
they do not synthesize any (+)-S-alkyl-L-cysteine 
sulfoxide (Ellis and Salt, 2003). A role for these pep-
tides in selenium tolerance has also been proposed 
(Ellis and Salt, 2003). The alk(en)yl side chains of 
these peptides and the corresponding (+)-S-alkyl-
L-cysteine sulfoxides (except methyl) are thought 
to derive from the chemical reaction of cysteine 
with methacrylic acid, a transient intermediate in 
valine catabolism (Suzuki et al., 1962; Granroth, 
1970; Lancaster and Shaw, 1989; Parry and Lii, 
1991). Whether this reaction with cysteine occurs 
before or after its incorporation into glutathione is 
not known. As an alternative route, (+)-S-alkyl-L-
cysteine sulfoxides can be synthesized via direct 
alk(en)ylation of cysteine or thioalk(en)ylation of 
O-acetyl serine followed by enzymatic oxidation 
to a cysteine sulfoxide derivative (Granroth, 1970; 
Lancaster and Shaw, 1989; Ohsumi et al., 1993). 
It remains to be elucidated to which extent the 
two pathways contribute to (+)-S-alkyl-L-cysteine 
sulfoxide biosynthesis in different plant species 
and throughout plant development (Jones et al., 
2004). The site of (+)-S-alkyl-L-cysteine sulfoxide 
biosynthesis is photosynthetically active leaves. 
The (+)-S-alkyl-L-cysteine sulfoxides as well as 
γ-glutamyl peptides are subsequently transferred to 
the bulbs where non-protein cysteine and glutath-
ione derivatives can account for up to 1–5% of the 
dry weight (Lancaster and Kelly, 1983; Lancaster 
et al., 1986).

Interestingly, the hydrolytic enzymes that 
 mediate the bioactivation of alliins in the 
Alliaceae and of glucosinolates in the Brassi-
cales share a number of common features which 
may therefore be crucial for the functioning of 
activated plant defense systems. Both alliinases 
and myrosinases are homodimeric glycopro-
teins which have been reported to form stable 
complexes with lectins (Palmieri et al., 1986; 
Rabinkov et al., 1995; Smeets et al., 1997; Bur-
meister et al., 2000; Rask et al., 2000; Kuettner 
et al., 2002). High  quantities of the enzymes 
activating alliins or  glucosinolates upon tissue 
disruption are stored in the vacuoles of idioblas-
tic cells or throughout the tissue to facilitate the 
rapid production of  bioactive compounds (Lan-
caster and Collin, 1981; Ellmore and Feldberg, 
1994; Andreasson and Jorgensen, 2003).
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Fig. 4. Biosynthesis and hydrolysis of alliin (S-2-propenyl L-cysteine sulfoxide). Alliin biosynthesis has been proposed to be 
 initiated by S-alkylation of glutathione with methacrylic acid as alkyl donor. The γ-glutamyl peptide obtained by removal of the 
glycine group is decarboxylated and then oxidized to γ-glutamyl-S-2- propenylcysteine S-oxide. Final loss of the γ-glutamyl group 
by a transpeptidase leads to alliin. Upon tissue disruption, alliinase hydrolyzes the Cβ–Sγ bond of alliin which results in the formation 
of pyruvate, ammonia, and prop-2-ene sulfenic acid which spontaneously reacts to form the thiosulphinate allicin (=S-allyl prop-2- 
ene-1-sulfinothioate). Allicin can undergo further chemical rearrangement, e.g. to E-ajoene (=1-allyl-2-( (E)-2-(allylsulfinyl)vinyl)
disulfane), diallyl disulfide (=1,2-diallyldisulfane), diallyl sulfide (=diallylsulfane), or 2-vinyl-4H-1,3-dithiine.
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III. Induced Defense by Sulfur 
and Sulfur-Containing Compounds

While activated plant defenses require the stor-
age of preformed components to enable rapid 
activation upon attack, other defenses are only 
 biosynthesized after attack by a herbivore or path-
ogen. Biosynthesis of such defenses is induced 
by signals from the herbivore or pathogen that 
trigger a local or systemic signal transduction 
cascade in the plant resulting in the expression of 
defense responses (Kessler and Baldwin, 2002). 
One group of induced chemical defenses are the 
phytoalexins, compounds of diverse chemical 
structures, that are only produced in response to 
pathogen attack. Many of the most prominent 
phytoalexins are sulfur-containing metabolites 
with structures ranging from elemental sulfur to 
the alkaloid-like camalexin and complex polypep-
tides like the defensins.

A. Elemental Sulfur

Elemental sulfur has been demonstrated to inhibit 
the growth or spore germination of many fun-
gal pathogens representing ascomycetes, basidi-
omycetes, and deuteromycetes in both field and 
laboratory experiments, whereas  bacteria and the 
oomycete Phytophtera palmivora appear to be 
generally less affected (for review see  Williams 
and Cooper, 2004). Fungal cells can take up S0 
into their cytoplasm where it is thought to cause a 
 multiple site inhibition of the mitochondrial respi-
ratory chain. However, further research is needed to 
completely unravel the mode of  toxicity of elemen-
tal sulfur to fungal pathogens. Although elemental 
sulfur (S0) is probably man’s oldest fungicide and 
is still a common component in integrated pest 
control programs (Williams and Cooper, 2004), it 
was recognized as the only inorganic phytoalexin 
only ten years ago (Cooper et al., 1996; Resende 
et al., 1996; Dixon, 2001). After infestation with the 
soil-borne vascular pathogen Verticillium dahliae, 
disease-resistant genotypes of Theobroma cacao 
(cacao, Sterculiaceae) deposited up to 116 µg S0 
(g fresh weight)−1 in the stem, whereas no S0 was 
recovered from plants of the susceptible genotype 
or from intact or wounded plants (Resende et al., 
1996). The sulfur persisted in stems of resistant 
T. cacao plants for more than 60 days after inocu-
lation indicating that it was unavailable to living 

cells and that the levels of S0 were too high to 
 enable fungal growth (Cooper et al., 1996). Accu-
mulation of elemental sulfur has been observed 
also in disease-resistant genotypes of tomato 
( Lycopersicon esculentum, Solanaceae) after 
infection with V. dahliae (Williams et al., 2002). 
Although the concentration of S0 in whole tis-
sue extracts was an order of magnitude lower as 
 compared to T. cacao, the quantities were still 
sufficient to inhibit colonization of the vascu-
lar system by the pathogen. The accumulation of 
elemental sulfur in tomato coincided with higher 
concentrations of sulfate and a transient increase in 
L-cysteine and  glutathione (Williams et al., 2002). 
Much smaller amounts of S0 were detected in the 
vascular tissues of resistant plants after inoculation 
with Ralstonia solanacearum (Southern bacterial 
wilt) as  compared to those infected with V. dahliae 
(Williams and Cooper, 2003).

More recently, fungal or bacterial pathogen-
induced S0 production has been reported for  several 
different plant species from distantly related fami-
lies with a stronger and more rapid response in 
resistant genotypes as compared to susceptible 
genotypes, e.g. in Gossypium hirsutum (cotton, 
Malvaceae) infected with V. dahliae and in Nico-
tiana tabacum (tobacco, Solanaceae) and Phaseo-
lus vulgaris (French bean, Fabaceae) infected with 
Fusarium oxysporum (Fusarium wilt) (Williams 
and Cooper, 2003). No S0 was recovered from Fra-
garia vesca (strawberry, Rosaceae) or Zea mays 
(Maize, Poaceae) challenged with V. dahliae or the 
bacterial pathogen Erwinia stewartii, respectively. 
Interestingly, high constitutive levels of S0 were 
present in the cotyledons of Brassica oleracea and 
leaves of Arabidopsis thaliana (both Brassicaceae) 
(Williams and Cooper, 2003). Finally, elemental 
sulfur was also found in cuticular waxes of several 
gymnosperms and angiosperms where it might play 
a role in plant defense (Kylin et al., 1994). Although 
the metabolic capacity to produce elemental sulfur 
appears to be widespread among higher plants, the 
biosynthetic pathway leading to S0 formation has 
remained unresolved. Proposed pathways include 
the formation from sulfide via oxidation by sulfide 
oxidase (Joyard et al., 1988) or by cytochromes 
(Krauss et al., 1984), the degradation of glutathione 
or cysteine by cysteine desulfhydrase (Rennen-
berg et al., 1987, Schmidt, 1987), and the hydroly-
sis of glucosinolates to simple nitriles (Bones and 
 Rossiter, 1996; Foo et al., 2000).
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Coupled scanning electron microscopy–energy 
dispersive x-ray microanalysis (SEM–EDX) 
of pathogen-infected tomato and cacao stems 
revealed high concentrations of S0 scattered 
in xylem parenchyma cells adjacent to xylem 
 vessels, within vessel walls, and in gels occlud-
ing vessels (Cooper et al., 1996; Williams et al., 
2002). This accumulation in the vascular tissue 
supports the idea that S0 serves as a barrier to 
vertical and lateral spreading of the pathogen. In 
 contrast, the high constitutive amounts of elemen-
tal sulfur present in A. thaliana are not restricted 
to the xylem and may therefore serve a different 
biological function (Williams and Cooper, 2003).

B. Camalexin and Related Phytoalexins

1. Structure and Biological Significance

The presence of a specific class of alkaloid-like 
phytoalexins in members of the Brassicaceae that 
has a core structure consisting of an indole ring 
system coupled to a sulfur-containing moiety at 
the C-3 position is a relatively recent discovery 
(Fig. 1c; Conn et al., 1988; Browne et al., 1991; 
Tsuji et al., 1992; Zook et al., 1998). While the 
actual role of these compounds in plant defense 
and their mode of action has remained unresolved, 
numerous investigations have analyzed the 
 signaling cascades that are associated with their 
induction. Camalexin (3-thiazol-2′-yl-indole) has 
become the best studied example of this class of 
phytoalexins. In Arabidopsis thaliana, camalexin 
 production was found to be induced in response 
to a variety of pathogens, e.g. Pseudomonas 
 syringae and Alternaria bassicicola, as well as 
elicitors that generate reactive oxygen species 
(Tsuji et al., 1992; Tsuji et al., 1993; Reuber et al., 
1998; Zhao et al., 1998; Thomma et al., 1999; 
Roetschi et al., 2001). The induction of camalexin 
biosynthesis appears to be controlled by a com-
plex network of signaling pathways (Denby 
et al., 2004; Hansen and Halkier, 2005). Both the 
upregulation of the key biosynthetic proteins and 
camalexin accumulation are restricted to the site 
of infection (Fig. 5; Schuhegger et al., 2006b).

Among the tools that have frequently been used 
to study the role of camalexin in plant defense 
are the PAD3 knock-out mutants of A. thaliana 
that completely lack the capability of producing 
camalexin (Glazebrook et al., 1997; Zhou et al., 

1999). Interestingly, only necrotrophic fungi that 
cause cell disruption, e.g. Botrytis cinerea and 
Alternaria brassicicola, show increased growth on 
the pad3 knock-out mutant as compared to wild-
type A. thaliana (Thomma et al., 1999; Ferrari 

Fig. 5. Camalexin induction is strictly localized to the site of 
pathogen infection. (a) After droplet infection of Arabidop-
sis thaliana with Alternaria alternata, leaves were separated 
into infection site (1), surrounding ring (2), and the rest of the 
leaf (3). Camalexin accumulation (b) and transcript induc-
tion of the biosynthetic genes CYP79B2 and CYP71B15 
(c) were highly localized to the infection site (black bars). 
Gray bars, ring sorrounding infection site; white bars, rest of 
leaf. This figure was kindly provided by Erich Glawischnig.
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et al., 2003; van Wees et al., 2003). By contrast, the 
growth of the biotrophic fungi  Hyaloperonospora 
parasitica and Erysiphe orontii does not seem to 
be affected by the induction of camalexin (Reuber 
et al., 1998; Mert-Türk et al., 2003). Similarly, 
the bacterial pathogen  Pseudomonas syringae 
showed the same growth rates on A. thaliana 
wild-type plants and pad3 mutants, although 
P. syringae was sensitive to camalexin when 
tested in vitro (Glazebrook and Ausubel, 1994). 
Therefore, cell disruption appears to be essen-
tial for the defensive function of camalexin in 
A.  thaliana (Kliebenstein, 2004).

Sclerotinia sclerotiorum, a necrotrophic fun-
gal pathogen with a wide host range, has been 
demonstrated to detoxify camalexin and related 
indole phytoalexins as well as synthetic analogues 
by glycosylating the C-6 or the N-1 atom in the 
indole moiety (Pedras and Ahiahonu, 2002). The 
resulting compounds exhibit substantially lower 
antifungal activities than the original  compounds 
(Pedras and Ahiahonu, 2002). Hydroxylation and 
subsequent oxidation of camalexin in Rhizoc-
tonia solani also leads to the formation of less 
toxic derivatives (Pedras and Khan, 1997). 
These different modes of detoxification may also 
explain observed differences in the sensitivity to 
camalexins among fungal pathogens (Klieben-
stein, 2004).

2. Camalexin Biosynthesis

Our knowledge of camalexin biosynthesis is still 
limited. Only recently, the first genes involved in 
the biosynthetic pathway have been  identified in 
A. thaliana. In feeding experiments using labeled 
indole, tryptophan and indol-3-acetaldoxime 
(IAOx), all three compounds were shown to be pre-
cursors for camalexin biosynthesis (Glawischnig et 
al., 2004) contrasting with  previous studies that had 
suggested a tryptophan-independent pathway (Tsuji 
et al., 1993; Zook and Hammerschmidt, 1997). The 
conversion of tryptophan to IAOx, a reaction that is 
common to the biosynthesis of glucosinolates and 
camalexin (Fig. 3), is catalyzed by two substrate-
specific cytochrome P450 monooxygenases,
CYP79B2 and CYP79B3 (Hull et al., 2000; 
Mikkelsen et al., 2000; Glawischnig et al., 2004). 
Consistent with this pathway being the only one oper-
ating in camalexin biosynthesis in A. thaliana, the 
cyp79B2/cyp79B3 double knock-out mutant (Zhao 

et al., 2002) was found to be completely devoid of 
camalexin production, whereas the cyp79B2 and 
cyp79B3 single mutants still produced about 50% 
and about 100% of wild-type level, respectively 
(Glawischnig et al., 2004). Since cyp79B2 but not 
cyp79B3 has been reported to be upregulated upon 
induction of camalexin production after inoculation 
with the bacterial pathogen Erwinia carotovora or 
after treatment with AgNO

3
 (Brader et al., 2001; 

Glawischnig et al., 2004), the two genes may have 
different roles in camalexin and glucosinolate bio-
synthesis (Hansen and Halkier, 2005). The forma-
tion of the thiazole ring in the camalexin structure 
has been proposed to be accomplished by condensa-
tion of indole-3-carboxaldehyde with L-cysteine and 
subsequent cyclization (Zook and  Hammerschmidt, 
1997). The final decarboxylation of 2-(indol-3-yl)-
4,5-dihydro-1, 3-thiazole-4-carboxylic acid (dihy-
drocamalexic acid) is catalyzed by the cytochrome 
P450 CYP71B15, also named PAD3 (Schuhegger 
et al., 2006a).

C. Defensin and Related Peptides

In addition to the low molecular weight com-
pounds that are typically involved in plant defense, 
cysteine-rich peptides with antimicrobial proper-
ties have been identified in mammals,  amphibians, 
insects, plants and even in microorganisms them-
selves (Rao, 1995). Defensins and thionins are 
two groups of such peptides that are found in a 
broad variety of plant families (Bohlmann, 1994; 
Terras et al., 1995; Harrison et al., 1997). Thion-
ins accumulate in the seed endosperm of many 
plant species where they are believed to serve as 
sulfur storage compounds as well as chemical 
defenses (Bohlmann et al., 1988; Schrader-Fischer 
and Apel, 1993). The structurally related plant 
defensins (originally termed γ-thionins) were first 
discovered in grains of wheat and barley (Col-
illa et al., 1990;  Mendez et al., 1990) and since 
then in various monocot and dicot  species, e.g. 
Poaceae, Asteraceae, Fabaceae,  Brassicaceae, 
Hippocastanaceae and Saxifragaceae (Bloch 
and Richardson, 1991;  Terras et al., 1992; Ter-
ras et al., 1993; Moreno et al., 1994; Osborne 
et al., 1995). The most  frequently studied effect of 
defensins is their antifungal activity. With a  typical 
length of 45 to 54 amino acids, plant defensins 
are larger than those from insects and mam-
mals (Broekaert et al., 1995). The characteristic   
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three-dimensional structure of plant defensins con-
sists of a triple stranded antiparallel β-sheet and an 
α-helix motif stabilized by disulfide bridges 
formed by eight highly conserved cysteine 
 residues (for review see Boman, 1995). Anti-
fungal peptides from insects and mammals most 
commonly possess only three cysteine residues.

Based on amino acid sequence identities, plant 
defensins can be further divided into  different 
 subfamilies (Thevissen et al., 2000). The sequence-
based classification mirrors to a large extend the 
grouping of defensins according to the plant fami-
lies they originate from as well as classifications 
that have been made based on the most obvious 
symptoms of defensin action on fungi (Fig. 6). 
Antifungal defensins from the Brassicaceae and 
Saxifragaceae impair hyphal growth by inducing 
tip ballooning and branch formation of susceptible 
fungi and have therefore been designated morpho-
genic defensins (Broekaert et al., 1995; Osborne 
et al., 1995). The non-morphogenic defensins 
present in the Asteraceae, Hippocastanaceae and 
Fabaceae retard hyphal growth of a different spec-
trum of pathogenic fungi without causing any 
morphological changes and they also differ from 
the morphogenic defensins (Broekaert et al., 1995; 
Osborne et al., 1995). The antifungal  activities of 
both morphogenic and non-morphogenic defensins 
depend on their binding to highly specific binding 
sites on the fungal plasma membrane (Thevissen 
et al., 2000). In contrast to insect and  mammalian 
defensins (Kagan et al., 1990; Cociancich et al., 
1993), plant defensins lack the ability to form volt-
age-gated ion channels in biomembranes (The-
vissen et al., 2000). A third subgroup of plant 
defensins that are found in the Poaceae has been 
reported to inhibit α-amylase and/or eukaryotic 
cell free translation (Mendez et al., 1990; Bloch 
and Richardson, 1991). Defensins of the α-amy-
lase inhibitor type appear to play a role in plant 
defense against herbivores rather than against 
pathogenic fungi (Shade et al., 1994).

Apart from their expression as a response to 
pathogen attack, plant defensins are also constitu-
tively expressed in seeds of various plant species 
where they mainly accumulate in the outer cell 
wall of the seed coat (Terras et al., 1995). The 
rather small amounts of defensins released from 
germinating seeds of Raphanus sativus (about 
1 µg per seed) proved sufficient to inhibit the 
growth of several pathogenic fungi and to  protect 

the emerging seedling (Terras et al., 1995). In 
the leaves of R. sativus, expression of the anti-
fungal peptide Rs-AFP1 was found to be locally 
and systemically induced on the transcript level 
in response to infection with the fungal patho-
gens Alternaria brassicicola and Botrytis cinerea 
(Terras et al., 1995). Consistent with its presumed 
defensive function against fungi, overexpression 
of the Rs-AFP1 cDNA in tobacco reduced the 
lesion size upon infection with the foliar fungal 
pathogen Alternaria longipes. The existence of 
constitutive as well as pathogen-induced expres-
sion of defensins within the same plant has also 
been reported for other plant species. As an 
example, inoculation of pea pods (Pisum sativum, 
Fabaceae) with compatible and incompatible 
strains of Fusarium solani leads to an increased 
defensin transcript level, whereas the correspond-
ing gene appears to be constitutively expressed in 
leaf epidermis cells (Broekaert et al., 1995).

The use of molecular techniques has facilitated 
the identification of cDNAs encoding presumed 
defensin homologues in different families, e.g. 
in the Fabaceae, Solanaceae and Brassicaceae 
(Stiekema et al., 1988; Ishibashi et al., 1990; Chiang 
and  Hadwiger, 1991; Gu et al., 1992; Karunanandaa 
et al., 1994; Doughty et al., 1998; Silverstein et al., 
2005). Although the actual roles of the correspond-
ing peptides in plant defense await further investi-
gation, their identification will benefit studies on 
structure-function relationships and the evolution-
ary origin of plant defensins.

IV. Constitutive Sulfur-Containing 
Defenses

Although most recent investigations have focused 
on induced plant defenses, constitutive defenses 
play an important role in the protection of plants 
from herbivores and pathogens. They are often 
deployed by plants that are likely to suffer  frequent 
or serious damage or in plant organs that possess 
a high fitness value. Constitutive expression of 
chemical defenses enables the plant to protect 
itself even during the initial phase of attack before 
induced responses can act. As  initial damage by 
a herbivore or pathogen may be too rapid or too 
severe to deploy induced defenses successfully, 
the use of constitutive defenses is regarded as the 
less risky defense strategy but is likely associated 
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with higher costs (Gershenzon, 1994; Wittstock 
and Gershenzon, 2002). The constitutive or 
induced formation of sulfur- containing secondary 
metabolites requires the diversion of sulfur from 
primary metabolism and so is often accompanied 
by the regulation of sulfur uptake and assimilation 
(Rausch and Wachter, 2005; Hawkesford, this vol-
ume; Hell and Wirtz, this volume). The metabolic 
importance of  sulfur may explain why only a very 
small proportion of constitutive defenses in plants 
is made up of sulfur-containing metabolites. Glu-
cosinolates and alliins represent a special type of 
constitutive defenses. They are permanently stored 
as inactive precursors but are only activated upon 
attack (see above). Apart from these activated 
defenses, the thiophenes found in the Asteraceae 
and several other families are the only group of 
constitutive sulfur defenses that is relatively well 
characterized and whose defensive function has 
been studied in some detail (Kagan, 1991).

A. Thiophenes

Since the first report on the isolation of α-
 terthiophene from Tagetes erecta (Zehmeister and 
Sease, 1947) more than 150 thiophene structures 
comprised of one to three thiophene rings  coupled 
in α-position and a side chain with a  variable 
number of double and triple bonds have been 
described (Fig. 1d; Kagan, 1991). Upon irradia-
tion with long wavelength ultraviolet light (UV-A, 
320–400 nm), thiophenes exhibit substantial anti-
viral, antibacterial, antifungal, nematocidal, and 
insecticidal properties, whereas their toxicity is 
much lower in the absence of light (Gommers 
and Geerlings, 1973; Camm et al., 1975; Chan 
et al., 1975; Bakker et al., 1979; Champagne et al., 
1986; Hudson et al., 1986; Downum et al., 1991).

Thiophenes are type II photodynamic pho-
tosensitizers that produce singlet oxygen and 
thereby damage biomembranes (Arnason et al., 

Fig. 6. Phenogram of plant defensins constructed from an alignment of amino acid sequences. Based on sequence similarities, 
the morphogenic defensins present in the Brassicaceae and Saxifragaceae (light gray), the non-morphogenic defensins from the 
Asteraceae, Hippocastanaceae and Fabaceae (gray), and the α-amylase-inhibiting defensins from the Poaceae (dark gray) form 
distinct groups. GenBank accession numbers (if not indicated in the figure): R. sativus RS-AFP2, P30230; A. thaliana PDF1.1, 
AAY27736; A. thaliana PDF1.3, NP 180171; A. hippocastanum Ah-AMP1, 1BK8; C. terneata Ct-AMP1, AAB34971; D. mer-
ckii Dm-AMP1, S66221; H. sanguinea Hs-AFP1, AAB34974; V. unguiculata pSAS10, P18646; P. sativum pI230, CAA36474; 
T. aestivum γ1-P, P20158; S. bicolor Siα2, P21924; H. vulgare γ1-H, P20230; S. tuberosum p322, P20346; P. inflata PPT, 
Q40901; N. tabacum FST, P32026. The sequence alignment by Clustal W and the tree construction were carried out using the 
program MegAlign.
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1981; Downum et al., 1982; McLachlan et al., 
1984). When the effects of isolated thiophenes 
on the larval development of Ostrinia nubila-
lis, Euxoa messoria, and Manduca sexta were 
tested in artificial diet studies, mortality rates of 
larvae reared in the presence of UV-light were 
higher compared to those of larvae kept without 
UV-light (Champagne et al., 1986). In the same 
study, thiophene toxicity was shown to depend on 
the thiophene structure as well as on the insect 
 species. However, the action of some thiophenes 
that have been demonstrated to be highly toxic to 
blood-feeding and phytophagous insect larvae is 
not strictly dependent on light-mediated activa-
tion (Wat et al., 1981; Champagne et al., 1984; 
Downum et al., 1984; Philogéne et al., 1985). 
While the light-independent mechanism of action 
against insect herbivores is poorly understood, 
nematocidal activity of thiophenes in the absence 
of light has been proposed to depend on enzymatic 
activation in the root in response to endoparasitic 
nematode attack (Gommers, 1982; Hudson and 
Towers, 1991).

Some phytophagous insects evolved biochemi-
cal or behavioural adaptations to protect them-
selves from the toxic effects of the thiophenes 
in their host plants. Higher levels of cytochrome 
P450 monooxygenases in the generalist insect 
herbivore Ostrinia nubilalis as compared to the 
Solanaceae-specialist Manduca sexta resulted in 
more rapid metabolism of α-terthienyl and thereby 
conferred higher tolerance to this thiophene 
(Iyengar et al., 1990). Larvae of Argyrotaenia 
velutinana (Lepidoptera: Tortricidae) are special-
ized feeders on Chrysanthemum leucanthemum 
(Asteraceae), a plant species that contains both 
polyacetylenes and thiophenes, although direct 
exposure to light increases larval mortality ( Guillet 
et al., 1995). The induced hiding behaviour of the 
larvae in combination with the preference of the 
females to oviposit in the shade reduce photo-
 activation of the plant defensive compounds. 
Another  specialist insect herbivore on C. leucan-
themum, larvae of Chlorochlamys chloroleucaria 
(Lepidoptera: Geometridae), preferentially feed 
on the non-phototoxic pollen of their host plant 
despite the increased risk of predation (Guillet 
et al., 1995).

Thiophene biosynthesis has been most exten-
sively investigated in the genus Tagetes ( marigolds) 
known as a rich source of bi- and trithiophenes 

(Bohlmann and Zdero, 1985). Although thiophenes 
are also formed in above-ground organs (Croes 
et al., 1994), root cultures or roots of wild-type 
plants or chemically mutagenized lines have been 
most frequently used for labeling experiments 
with [35S]SO

4

2−. The polyacetylene tridecapen-
taynene, the immediate precursor of thiophene 
biosynthesis, has been proposed to be formed 
from oleic acid via crepenyic acid by sequen-
tial chain shortening and desaturation (Sörensen 
et al., 1954; Gunstone et al., 1967; Bohlmann 
et al., 1976; Jacobs et al., 1995). Thiophene 
formation involves the addition of reduced sul-
fur (presumably from L-cysteine) to conjugated 
triple bonds and subsequent ring formation, the 
removal of the terminal methyl group, and the 
modification of a vinyl group. The elucidation 
of the order in which these steps occur has been 
hampered by difficulties in detecting the proposed 
intermediates. Moreover, none of the enzymes 
involved has been biochemically characterized to 
date (Jacobs et al., 1995).

B. Sulfur-Containing Metabolites 
in Algae and Mosses

Brown algae of the genus Dictyopteris use fatty 
acid-derived C

11
 sulfur compounds to deter 

feeding by herbivorous amphipods whereas sea 
urchins appaer to be unaffected (Moore, 1977; 
Hay et al., 1998; Schnitzler et al., 1998). Analo-
gous to C

11
 hydrocarbons present in the thalli of 

many algae, the sulfur-containing C
11

 compounds 
in Dictyopteris are thought to be biosynthesized 
via oxidative degradation of highly saturated 
eicosanoids (Pohnert and Boland, 1996; Hombeck 
and Boland, 1998; Schnitzler et al., 1998). Sul-
fur-containing secondary metabolites have also 
been isolated from the liverwort Corsinia corian-
drina (Corsiniaceae) including the isothiocyanate 
coriandrin [(Z)-2-(4-methoxyphenyl)ethenyl iso-
thiocyanate]. The ecological role of coriandrin 
and related compounds, however, remains to be 
 elucidated (von Reuß and König, 2005).
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Summary

Sulfite oxidation in plants was a matter of controversial discussion for a long time and still is not finally 
understood. There is no doubt anymore about the occurrence of sulfite oxidation besides primary sulfate 
assimilation that takes place in the chloroplast. Sulfate is reduced via sulfite to organic sulfide which is 
essential for the biosynthesis of S-containing amino acids and other compounds like glutathione. How-
ever, it has also been reported that sulfite can be oxidized back to sulfate, e.g. when plants were subjected 
to SO

2
 gas. Work from our laboratory has identified sulfite oxidase as a member of molybdenum-

containing enzymes in plants, which seems to be the most important way to detoxify excess of sulfite. In 
this paper we show how plant cells separate the two counteracting pathways – sulfate assimilation and 
sulfite detoxification – into different cell organelles. We discuss how these two processes are (co-)regu-
lated and what kind of other sulfite oxidase activities occur in the plant.

* Corresponding author, Phone: +49 (0) 531 391 5870, Fax: +49 (0) 531 391 8128, E-mail: r.mendel@tu-bs.de

I. Sulfur Cycling in Nature

Sulfur is an essential macronutrient for plants, ani-
mals and microorganism and plays a critical role 
in the catalytic and electrochemical functions of 
biomolecules in the cell. Sulfur is found in the two 

amino acids cysteine and methionine, in oligopep-
tides (glutathione and  phytochelatins), vitamins and 
cofactors (biotin, molybdenum cofactor [Moco], 
thiamine, CoenzymeA, and S-adenosyl-Methionine), 
in phytosulfokin hormones (Matsubayashi, Sakagami 
1996) and a variety of secondary products (see 
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Leustek 2002). Disulfide bonds between polypep-
tides mediated by cysteine are very important in 
 protein assembly and structure. Sulfur itself belongs 
to the chalcogen family; other members of the 
 family are oxygen, selenium, tellurium, and polo-
nium. Because of the electronic status of sulfur, this 
 element can undergo four different oxidation states: 
b ←6 (sulfate, SO

4

2−), b ←4 (sulfite, SO
3

2−), ←′ 
(elemental sulfur S0) and −2 (sulfide, H

2
S), which 

is important for their biological activity and allows 
to recycle it in a biogeochemical way including (i) 
assimilative sulfate reduction, (ii) desulfuration, 
(iii) oxidation of organic sulfur compounds, and 
(iv) mineralization of organic sulfur to the inorganic 
form. Human impact on the sulfur cycle is exerted 
mainly by producing toxic sulfur dioxide in industry 
and by motor cars. Sulfur dioxide can be further 
reduced to sulfide or re-oxidized to sulfate in different 
enzymatic and non-enzymatic reactions.

II. Sulfate Reduction in Plants

Plants take up sulfate from soil into the roots and 
translocate it via the xylem to the green parts of 
the plant where it is stored as the major anionic 
component of vacuolar sap (Kaiser et al. 1989; 
Leustek and Saito 1999). Plastids are the limiting 
organelles where assimilatory sulfate reduction 
takes place, only cysteine synthesis enzymes are 
localized in the following three compartments: 
plastids, cytosol and mitochondria. Sulfate assimi-
lation starts with the activation by ATP to  adenosine-
5′-phosphosulfate (5′-adenylylsulfate [APS]) and 
further conversion via sulfite to the final sulfide 
and requires one ATP and eight electrons coming 
from reduced glutathione (Hell 1997; Bick and 
Leustek 1998). Sulfide is later coupled to O-acetyl-
Ser to form cysteine (see recent reviews Leustek 
2002; Droux 2004; Saito 2004). Details are given 
in chapters I.1 and I.2 in this book.

Sulfate itself can be also covalently bound to 
a variety of compounds, a process termed sulfation 
which also begins with APS synthesis. APS is then 
phosphorylated by APS-kinase to form 3′-phos-
phoadenosine-5′-phosphosulfate (PAPS) which is 
used as a sulfuryl donor by a variety of sulfotrans-

ferases forming a sulfate ester bond. The most 
prominent example for this class of compounds 
formed by sulfation are  glucosinolates that func-
tion as insect feeding deterrents produced by dif-
ferent species in the Brassicaceae family. Here, 
glucosinolates contain two forms of sulfur in 
different oxidation states: the reduced form is a 
thioether derived from cysteine, whereas the oxi-
dized form is a sulfamate which comes from the 
sulfation pathway (Leustek 2002). For further 
details see chapter I.6 in this book.

III. The Ambivalent Nature of Sulfite: 
an Important but Toxic Intermediate

Sulfite plays an important role in the reductive 
and oxidative sulfur metabolism in pro- and eukaryotes. 
In plants, sulfite (SO

3

2−) with an oxidation state 
of b ←4 is the first important intermediate in 
the reduction pathway of sulfur originating from 
sulfate. Here, sulfite is also the starting point for 
the formation of sulfur lipids (Yu et al. 2002). 
Some microorganisms use sulfite as sole electron 
source. Sulfite is the key intermediate in the oxi-
dation of reduced sulfur compounds to sulfate and 
the major product of most dissimilatory sulfur-
oxidizing prokaryotes (Kappler and Dahl 2001). 
In animals, it is known since 1953 (Heimberg 
et al. 1953) that sulfate is produced from sulfite 
in an enzymatic reaction. Sulfite oxidases (SO) 
catalyzes the reaction SO

3

2− + H
2
O → SO

4

2− + 
2H+ + 2e−, which is the terminal step in the oxidative 
degradation of cysteine and methionine.

Deficiencies of SO lead to major neurological 
abnormalities and early death in the studied ani-
mals and humans (Calabrese et al. 1981; Kisker 
et al. 1997; Garrett et al. 1998). In the  mammalian 
system, SO is localized in the intermembrane 
space of mitochondria (Cohen et al. 1972) where 
electrons derived from sulfite can passes via 
the enzyme’s heme domain on to cytochrome c, the 
physiological electron acceptor.

Sulfite is also known for many years to damage 
plants (Hill and Thomas 1933; Moyer and Geo 
1935), for review see Peiser and Yang (1985) and 
Heber and Hüve (1998). As nucleophilic agent, 
sulfite is able to attack diverse substrates (Peiser 
and Yang 1985), where it opens S-S bridges. This 
reaction – so-called sulfitolysis – can cause inac-
tivation of proteins when incubated with sulfite 

Abbreviations: Moco – Molybdenum cofactor; GFP – green 

fluorescent protein; PTS – peroxisomal targeting sequence;  

SO – sulfite oxidase



(Ziegler 1974) or even when plants are exposed 
to high concentrations of SO

2
 gas (Tanaka et al. 

1982). Sulfitolysis of oxidized thioredoxin can 
interfere with the regulation of enzymes of the 
Calvin cycle (Würfel et al. 1990). These effects 
cause severe reduction in plant growth. The sus-
ceptibility to SO

2
 may vary considerably between 

the different species and depends on combinations 
of duration and dosage of SO

2
, but also on physi-

ological and environmental factors (Rennenberg 
1984). There are two systems discussed to con-
trol the internal SO

2
 concentration: (i) control of 

uptake of the gas by the laminar boundary layer, 
the cuticle or the guard cells, and (ii) the rate of its 
metabolic conversion and translocation. In plants, 
theoretically there are two possibilities to handle 
SO

2
: (i) to feed it into the assimilation stream of 

sulfur for producing of cysteine, methionine or 
other reduced sulfur compounds, or (ii) to re-oxidize 
it to sulfate.

As gaseous substance, SO
2
 enters plant tissues 

mainly via their stomata (Rennenberg and Polle 
1994; Rennenberg and Herschbach 1996) and is 
transformed into sulfite and/or bisulfite ions on 
the wet surface of guard cells and in the cytoplas-
mic fluid, which results in a proton generation:

SO
2
+H

2
O → [SO

2
.H

2
O] → HSO

3

– + H+  ↔SO
3

2– + 2H+

The guard cells are able to respond to  different 
levels of SO

2
 with stomatal closing or opening (Rao 

and Anderson 1983). In acidic  environments, 
HSO

3

− is prevailing, while under alkaline con-
ditions in the chloroplasts, SO

2
 is chemically 

 converted into SO
3

2− (Heber et al. 1987). The flow 
of SO

2
 between the gaseous phase of the inter-

cellular space and the liquid phase of the apoplast 
and/or cytosol seems to be continuous.

When applied as the major source of sulfur 
at non-toxic dosages, i.e. in soils that do not 
 fulfill the needs for sulfate, biomass production 
depends on the supply of SO

2
 or other volatile 

sulfur-compounds in the air (summarized in 
 Rennenberg 1984). Furthermore, the amount 
of SO

2
 taken up by the leaves can regulate the 

sulfur uptake by the roots (Herschbach and 
Rennenberg 2001). However, when the uptake of 
SO

2
 exceeds a certain threshold that differs from 

species to species,  toxicity effects occur that lead 
to growth problems of the plant (Linzon 1978). 
Here, active detoxification of sulfite is neces-
sary for the  survival of the whole plant. Until 

recently,  metabolic conversion was interpreted to 
mean reductive detoxification leading to sulfide 
that is used to produce cysteine (Heber and Hüve 
1998). This process is well understood because 
it forms part of the sulfate assimilation pathway. 
But is has been also reported that sulfite can be 
oxidized to sulfate. Upon foliar application of 
labeled 35SO

2
 this gas is rapidly metabolized 

in the light and also in dark, with sulfate as the 
main end product (Garsed and Read 1977; Van 
der Kooij et al. 1997). The possibility to explain 
these results by oxidative conversion of sulfite to 
sulfate was largely neglected because this step 
would  counteract the assimilatory pathway. Yet, 
experimental data were accumulating that needed 
further explanations (Rennenberg et al. 1982).

IV. Sulfite Oxidase Activities in Plants

For decades, occurrence and nature of a sulfite 
oxidizing activity in higher plants were contro-
versially discussed as shown in the following his-
tory.
● Already in 1944, Thomas and coworkers showed 

high concentrations of sulfate in SO
2
-treated alfalfa 

and sugar beet (Thomas et al. 1944).
● Fromageot described sulfi te oxidation by oat roots 

(Fromageot et al. 1960).
● Apoplastic peroxidases of barley leaves can 

 effi ciently detoxify sulfi te: after infi ltration of sulfi te-
containing buffer through the stomata,  sulfate could 
be extracted in increasing am ounts over time from 
the apoplastic washing solution (Pfanz et al. 1990).

● Later, apoplastic peroxidases were discussed to oxi-
dize sulfi te using H

2
O

2
 and different phenolic com-

pounds (Pfanz and Oppmann 1991).
● Miszalski and Ziegler suggested a non-enzymatic 

oxidation of sulfi te, initiated (i) by superoxide  anions 
formed on the reduction site of the electron transport 
system in chloroplasts, (ii) by free radicals such as 
OH−, or (iii) by H

2
O

2
 (Miszalski and Ziegler 1992).

● Intact chloroplasts isolated from spinach ( Spinacia 
oleracea) fed with radioactively labeled sulfi te 
showed a sulfi te oxidation activity (Dittrich et al. 
1992). This reaction was discussed to proceed via 
a radical chain reaction involving light- dependent 
photosynthetic electron transport which was found 
to be enhanced by light and to be sensitive to 
 inhibitors of the photosynthetic electron transport 
( Dittrich et al. 1992). However, in addition to this 
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non-enzymatic light-dependent sulfi te oxidation 
there should also be an enzymatic reaction because 
sulfi te oxidation could also be detected in the dark.

● Jolivet et al. (1995a, 1995b) described a sulfi te 
 oxidizing activity associated with isolated  thylakoid 
membranes that was not induced through the 
 photosynthetic radical-dependent oxidation chain 
reaction. A protein preparation gave activities 50 
times higher than in crude extract of spinach leaves, 
and SDS-PAGE analysis showed four major protein 
bands (65, 53, 36 and 33 kDa), that were discussed 
to represent either different subunits of an even 
more complex enzyme or to be contaminating bands 
because an in gel-staining assay was not successful 
(Jolivet et al. 1995a).

All publications presented describe sulfite oxi-
dizing activities as non-enzymatic or enzymatic 
 reactions in the apoplastic space or in steps 
 associated with the light-dependent photosynthetic 
electron transport or other unknown  reactions 
in chloroplasts. Yet, the main problem was still 
unsolved: a chloroplast-localized sulfite oxidiz-
ing activity would counteract sulfate assimilation 
residing in the same organelle. How could a plant 
cell regulate these two conflicting pathways in 
one and the same compartment? The discussion 
of this obvious problem became an unexpected 
turn when we viewed sulfite oxidation from the 
point of eukaryotic molybdenum metabolism.

In mammals, SO is well studied: it is an enzyme 
containing molybdenum in the active site and is 
localized in the intermembrane space of  mitoch-
ondria (Cohen et al. 1972). It is a two-domain 
protein consisting of a molybdenum domain and a 
heme domain and it is  responsible for detoxifying 
sulfite in the course of amino acid decomposition. 
By screening an A. thaliana cDNA library using 
the amino acid sequence of human (XP_006727) 
or chicken SO (P07850), we identified plant SO 
as the fourth plant enzyme containing molybde-
num (Eilers et al. 2001). The isolated full-length 
cDNA of Arabidopsis-SO has a single open read-
ing frame of 1182 bp encoding a protein of 393 
amino acids (43.3 kDa) with 47% identity to the 
primary sequence of the molybdenum cofactor-
domain of chicken SO.  However, the sequence 
for the heme domain known from animal SO was 
lacking in this plant clone and was also absent 
in the genomic region. The genomic sequence 
showed a single open reading frame with 11 
introns located on chromosome III. High strin-

gency hybridization of Arabidopsis genomic DNA 
with the isolated cDNA clone as probe demon-
strated that the gene encoding for the  Arabidopsis-
SO (At-so) is single copy gene.

The alignment of molybdenum cofactor-domains 
of SOs from different sources with  Arabidopsis-
SO demonstrated considerable overall homology, 
identifying these enzymes as members of a com-
mon family (Eilers et al. 2001). Plant SO turned out 
to be conserved among higher plants because anti-
bodies raised against  Arabidopsis-SO detected a 
dominantly cross-reacting protein of about 45 kDa 
in a wide range of species belonging to a variety 
of both herbaceous (dicots and monocots) and 
woody (e.g. poplar) plants (Eilers et al. 2001). In 
 Arabidopsis, SO shows a constitutive expression in 
all tissues tested and also over the day without any 
pronounced diurnal rhythm (Hänsch et al. 2006). 
Hence one can conclude that plant SOs are widely 
distributed among higher plants and are expressed 
as a housekeeping gene. Recently, a SO-specific 
sequence was also detected in the genome of the 
green alga Chlamydomonas  reinhardtii (Emilio 
Fernandez, personal communication) and in the 
moss Physcomitrella patens (Ralf Reski, personal 
communication).

V. Biochemical Properties of Plant 
Sulfite Oxidase (EC 1.8.3.1)

For recombinant expression, the isolated Arabi-
dopsis-cDNA was cloned into an expression vec-
tor allowing the expression and purification as 
His-tagged protein from E. coli. This protein 
exhibited a sulfite-dependent SO activity when 
using ferricyanide as artificial (Eilers et al. 2001) 
or oxygen as natural electron acceptor (Hänsch 
et al. 2006). No activity was found with cyto-
chrome c as electron acceptor as expected, since the 
heme domain known to mediate electron  transfer 
between the molybdenum cofactor-domain and 
cytochrome c in rat hepatic SO is missing in the 
plant enzyme. HPLC analysis of the oxidation 
product of the molybdenum cofactor confirmed 
its pterin nature as found in animals. And also the 
spectroscopic properties of recombinant plant SO 
identified it as member of the general SO family: 
on the basis of the UV-visible absorption and the 
EPR signature it was evident that the molybde-
num centre of Arabidopsis-SO is fundamentally 



similar to that of the vertebrate proteins (Eilers 
et al. 2001; Hemann et al. 2005).

The Km-value of 22.6 µM for sulfite using oxy-
gen as electron acceptor was in the same range 
as shown for the artificial acceptor  ferricyanide 
determined to be 33.8 µM which is in the range 
as found for rat SO (Eilers et al. 2001; Hänsch et 
al. 2006). When plant SO uses molecular oxygen 
as terminal electron acceptor, the  question arises 
what could be the second end product besides 
of sulfate? This second reaction product turned 
out to be hydrogen peroxide (H

2
O

2
). We showed 

this by two different methods: (i) Nag et al. (2000) 
described the specific formation of a yellow-orange per-
oxo-disulfatotitanate(IV)-complex [Ti(O

2
)(SO

4
)

2
]2− 

from the hydroxylcation [Ti(OH)
2
(H

2
O)

4
]2+ in the 

presence of H
2
O

2
 and its detection at 405 nm, and 

(ii) the fluorescent dye lucigenin is known from 
Rost et al. (1998) to react specifically with H

2
O

2
 

but not with other reactive oxygen species. Both 
assays were  positive for the plant SO (Hänsch 
et al. 2006). However, adding low amounts of 
catalase to both the titanate- complex assay and 
the fluorescent-dye assay abolished H

2
O

2
 accu-

mulation completely.

VI. Plant Sulfite Oxidase 
is a Peroxisomal Enzyme

Analysis of SO in 17 plant species in silico 
revealed that all plant SO-proteins possess a C-ter-
minal peroxisomal targeting sequence ( Nakamura 
et al. 2002). The C-terminal SNL-tripeptide of 
the Arabidopsis-protein (Eilers et al. 2001) is 
very similar to the C-terminal amino acid motif 
serine-lysine-leucine (SKL) which is the con-
sensus peroxisomal targeting sequence 1 (PTS1) 
and which is sufficient to direct polypeptides to 
peroxisomes in vivo in plants, animals and yeast. 
This non-cleaved tripeptide motif,  consisting of 
a small, a basic and a hydrophobic residue or a 
variant thereof, resides at the extreme C-terminus 
and occurs in the majority of peroxisomal matrix 
proteins (Hayashi et al. 1996;  Mullen et al. 1997). 
Plant PTS1 motifs apparently exhibit more 
sequence variability as compared to accepted signals 
in animals (Mullen et al. 1997).

Having the Arabidopsis-SO clone at hands 
(Eilers et al. 2001) and making use of  antiserum 
that we generated against plant SO we finally 

answered the question of its subcellular localiza-
tion. Antibodies directed against plant SO were 
applied for histochemical studies by transmission 
electron microscopy. Immunogold experiments 
performed on ultrathin sections of  Arabidopsis 
thaliana leaves and of protoplast-derived  micro-col-
onies of Nicotiana plumbaginifolia  demonstrated 
for both species that gold labels were exclusively 
located in peroxisomes, and only a few were 
observed in other organelles or the cytoplasm 
(Nowak et al. 2004). To validate these results, we 
generated GFP::SO fusion  constructs, transferred 
the genes via particle gun into tobacco leaves 
and monitored transient expression by confocal 
laser scanning microscopy. A punctuate fluo-
rescence pattern was observed. The overlay of 
chlorophyll autofluorescence demonstrates that 
GFP was clearly excluded from the  chloroplasts. 
To  distinguish between peroxisomes and mito-
chondria we performed double transformation 
experiments with different fluorescent proteins 
and excluded mitochondria as targets by  counter-
staining with MitoTracker-Red (Nowak et al. 
2004). Thus, independent lines of experimental 
evidence unequivocally demonstrate that plant 
SO is a peroxisomal enzyme.

A shared feature of all peroxisomes is their abil-
ity to metabolize hydrogen peroxide (H

2
O

2
), conse-

quently protecting the rest of the cell from this toxic 
byproduct (Johnson and Olsen 2001). Our studies 
identified oxygen as the new final electron accep-
tor thereby generating H

2
O

2
 as reaction product in 

addition to sulfate which might explain why plant 
SO is localized in  peroxisomes while animal SO 
occurs in mitochondria where it uses cytochrome 
c as electron acceptor. H

2
O

2
 is a highly reactive 

molecule that can be decomposed by peroxisomal 
catalase. Yet, there is another possible way for 
removing H

2
O

2
: In clouds and rain droplets, H

2
O

2
 

was identified as one of the most effective non-
enzymatic oxidants for HSO

3

− (Clegg and Abbatt 
2001). Under our experimental conditions, sulfite 
did not spontaneously oxidize to sulfate, however 
the addition of physiological concentrations of 
H

2
O

2
 in the micromolar range led to the conver-

sion of sulfite into sulfate (Hänsch et al. 2006). So 
we suggest that in the case of high sulfite concen-
trations in the plant cell, the production of H

2
O

2
 

by SO can help to detoxify further sulfite mole-
cules by a non-enzymatic reaction subsequent to 
enzymatic sulfite oxidation, thus increasing sulfite 
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removal (Fig. 1). And this makes sense because 
it has been shown previously that peroxisomal 
 catalase is inhibited when leaves were treated with 
sulfite (Veljović-Jovanović et al. 1998) – the half-
maximal  inhibition was below of 500 µM sulfite. 
Here, on one hand the plant SO could play a role 
for protecting this important enzyme from sulfite 
damage and on the other hand: excess of sulfite will 
inhibit the catalase and the increasing H

2
O

2
 can 

help to reduce toxic sulfite. Hence we assume 
that SO could possibly serve as “safety valve” to 
detoxify excess amounts of sulfite and protect the 
cell from sulfitolysis.

VII. Compartmentalization of Sulfur 
Metabolism

Cells solved the problem of having two  important 
conflicting pathways by separating them into dif-
ferent compartments. This rule holds also true 
for sulfur metabolism: sulfate assimilation takes 
place in the chloroplasts whereas sulfite detoxi-
fication by the SO is peroxisomally localized. 
However, peroxisomes seem to be not the only 
known sulfite-oxidizing organelles. Although the 
peroxisomal molybdoenzyme SO (EC 1.8.3.1) is 
the only biochemically and genetically character-
ized SO, there is still sulfite oxidation going on 

in the cell. In non-green suspension cultures of 
mutants lacking the molybdenum cofactor and 
therefore also peroxisomal SO, the sulfite oxidiz-
ing capacity of the cell extract does not go down 
to zero but to 40% of the wildtype-level (Eilers 
et al. 2001). The origin of this residual activity 
remains unclear.

How do the two pathways of chloroplast-based 
sulfate assimilation and peroxisomal sulfite oxi-
dation interact and how are they co-regulated? 
Chloroplasts and peroxisomes are closely associ-
ated within the plant cell which is the basis for 
photorespiration where intermediates are  crossing 
back and forth between these two organelles and 
mitochondria (Buchanan et al. 2000). Obviously, 
this association forms the basis for the rapid and 
efficient metabolic channeling of the two toxic 
metabolites: sulfite and H

2
O

2
. Finally, another cell-

compartment seems to be involved in this meta-
bolic process as well: the end product of sulfite 
oxidation – sulfate – is stored in the vacuole or 
could be transported out of the cell. The  internal 
sulfate reserve in the vacuoles may buffer the 
flux of sulfate through the plant. While the nature 
of a tonoplast sulfate influx transporter is still 
unsolved (Buchner et al. 2004), recently Kataoka 
et al. (2004) could demonstrate SULTR4-type 
vacuole transporters to facilitate the efflux of sul-
fate. Sulfate uptake into  chloroplast is described 
to be mediated by the same group 4 transporter 
family (for review see Leustek 2002 and chapter 
I.2 in this book). But for peroxisomes only one 
porin is known as transport system for a variety of 
different inorganic and organic anions ( Reumann 
et al. 1998), which could principally assist sulfate 
or sulfite transport.

In the future, more information on the subcel-
lular transport of SO

2
, sulfite and sulfate will 

sharpen our view of the complex regulatory 
interaction between chloroplasts and peroxi-
somes and thus will shed more light on the fate 
of sulfite during assimilatory or dissimilatory 
processes.
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Fig. 1. Proposed interaction of plant SO and catalase. Plant 
SO oxidizes of sulfite and generates equimolar amount of 
H

2
O

2
. At low sulfite concentrations, all H

2
O

2
 formed will be 

immediately degraded by peroxisomal catalase. But at high 
sulfite concentrations, however, catalase will be inhibited by 
sulfite. The H

2
O

2
 molecule generated by the plant SO reac-

tion can non-enzymatically oxidize a second molecule of 
sulfite (according to Hänsch et al. 2006).
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Summary

Sulfur, primarily in the form of sulfate, is transported into algal and plant cells and reduced to sulfide 
in the chloroplast. Both sulfate and sulfide can be incorporated into a variety of sulfur-containing com-
pounds critical for protein, lipid and polysaccharide synthesis, as well as signaling molecules. Most of 
our current knowledge about sulfur metabolism and the acclimation of photosynthetic organisms to 
conditions of sulfur deprivation, especially at the molecular level, are from studies that have exploited 
the model plant Arabidopsis thaliana, or the freshwater alga Chlamydomonas reinhardtii. However, 
there are also novel aspects of the biosynthesis and function of sulfur metabolites, especially volatile 
metabolites synthesized by marine algae that might have antifreeze and antioxidant functions and also 
influence global features of climate. This chapter describes sulfate assimilation in algae and the adaptation 
and acclimation of algae to changing sulfur environments.

Abbreviations: APR – APS reductase; APS – adenosine 5′-

phosphosulfate; APSK – APS (or AKN)_APS kinase; APS (or 

AKN)_APS kinase; ARS – arylsulfatase; ATS – ATP sulfury-

lase; CCN – cloud condensation nuclei; DMS – dimethylsulfide; 

Cp – chloroplast; DMSHB – 4-dimethylsulphonio-2-hydroxy-

butyrate; DMSO – dimethyl sulfoxide; DMSP – dimeth-

ylsulfoniopropionate; ER – endoplasmic reticulum; γ-ECS 

– γ-glutamylcysteine synthetase; GPX – glutathione peroxi-

dase; GRX – glutaredoxin; GSH – glutathione; GST – glutath-

ione S-transferase; LSU – the large subunit; MSA – methane 

sulfonic acid; MTOB – 4-methylthio-2-oxobutylate; OAS 

– O-acetylserine; OASTL – O-acetylserine(thiol)lyase; OPH – 

O-phosphohomoserine; PAPS – 3′-phosphoadenosine 5′-phos-

phosulfate; PC – phytochelatin; PCS – phytochelatin synthase; 

PDI – protein disulfide isomerase; PG – phosphatidyl glycerol; 

Pi – phosphate; PS – the photosystem; ROS – reactive oxy-

gen species; Rubisco – ribulose-1,5-bisphosphate carboxylase; 

SAC – sulfur-acclimation mutants; SAT – serine acetyltrans-

ferase; SIR – sulfite reductase; SMT – selenocysteine meth-

yltransferase; SQDG – sulfoquinovosyl diacylglycerol; TMD 

– transmembrane domain; TRX – thioredoxin

I. Algae and the Global Sulfur Cycle

Sulfur (S) is a macroelement that is incorporated 
into proteins (as cysteine and methionine), lipids 
and polysaccharides. It is also required for the 
production of molecules that help organisms cope 
with reactive oxygen species (ROS) and heavy 
metals, and may be integral to key cellular regula-
tors. Generally, the dominant, fully oxidized form 

of S, sulfate (SO
4

2−), is the most stable S form in the 
oxidizing environment of the Earth. SO

4

2− is rap-
idly taken up by microbes and plants, activated by 
conjugation to ATP, and can be used immediately 
for the sulfation of various compounds, primarily 
polysaccharides, or reduced and then incorpo-
rated into the amino acids cysteine and methio-
nine and the antioxidant, tripeptide glutathione. 
High concentrations of SO

4

2− have been measured 
in numerous terrestrial and aquatic environments. 
However, since animals do not have enzymes 
that reduce SO

4

2− to sulfide, and the latter is criti-
cal for cysteine and methionine synthesis, the 
S-containing amino acids are essential in mam-
malian diets (Tabe and Higgins, 1998).

S compounds are introduced into the biosphere 
from natural sources (e.g. volcano activities) as 
well as from activities of humans and other organ-
isms. Organic, S-containing compounds released 
into the environment as a consequence of biotic 
activity may be recycled into the available S pool 
through the action of hydrolytic and redox active 
enzymes produced by soil and aquatic microbes. 
It is important to note that algae play a pivotal role 
in S cycling and are responsible for the major-
ity of SO

4

2− reduction in seawater. One reduced 
S compound produced by algae in the marine 
environment is dimethyl sulfide (DMS) (Andreae 
and Raemdonch, 1983), which arises primarily 
from the enzymatic cleavage of  dimethylsulfon-
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iopropionate (DMSP). In the 1970s, DMS was 
proposed to be a volatile compound and to be 
involved in cycling of S from the oceanic to ter-
restrial environments (Lovelock, 1972). Indeed, 
DMS has been estimated to be responsible for 
as much as 50% of the global, biogenic S input 
into the atmosphere. The oxidation products of 
DMS serve to nucleate the formation of clouds 
over the oceans (Habicht et al., 2002; Lomans 
et al., 2002; Lovelock, 1972), which is likely 
to strongly influence the Earth’s climate, as 
proposed by Charlson et al. in 1987 (“CLAW 
hypothesis” after the initials of authors). Atmos-
pheric DMS would be converted mainly to SO

2
 

via  oxidation; the  oxidation is triggered by inter-
actions with OH radicals, which can be formed by 
UV-driven photodissociation of ozone (Andreae 
and Crutzen, 1997; Charlson et al., 1987; Kieber 
et al., 1996). SO

4

2− particles formed from atmos-
pheric SO

2
 behave as cloud condensation nuclei 

(CCN). Marine algae may accumulate extremely 
high intracellular levels of DMSP as light lev-
els increase and/or ammonium levels decline, 
 causing elevated DMS emission, elevated acidic 
S aerosols and CCN. The resulting increased 
cloud cover will lower the light intensities that 
reach the ocean surface. Furthermore, rainfall 
from clouds formed as a consequence of the 
 accumulation of S aerosols will return  certain 
elements to the oceans, including nitrogen (N), 
which is often lacking in marine environments. 
This feedback system demonstrates how light lev-
els may indirectly alter the metabolism of marine 
algae, and the changing spectrum of metabolites 
produced may result in changes in atmospheric 
conditions that influence the number of quanta 
that reach the ocean surfaces. A diagram depict-
ing the major transformations of S that occur on 
the Earth is given in Fig. 1. A more complete 
discussion of the global S cycle is presented by 
Giordano et al. in Chapter V-23 of this book.

II. Sulfur Metabolism

SO
4

2− is the major source of S for the growth 
of bacteria and plants. The SO

4

2− assimilation 
pathway was elucidated in early studies using 
the organisms Escherichia coli, Neurospora 
crassae, Saccharomyces cerevisiae and the 
alga Chlorella pyrenoidosa (Schiff, 1959) and 

Euglena gracilis (Buetow and Buchanan, 1964; 
Goodman and Schiff, 1964). Collections of algal 
mutants impaired in SO

4

2− assimilation have 
been invaluable for elucidating S metabolism 
(Hodson and Schiff, 1971a; Hodson and Schiff, 
1971b; Hodson et al., 1971). Furthermore, prior 
to the development of sophisticated molecular 
technologies, algae and bacteria were the sub-
ject of extensive biochemical analyses directed 
toward the isolation and characterization of 
enzymes catalyzing each step in the pathway 
required for the assimilation of SO

4

2−. Much of 
our knowledge concerning the acquisition and 
assimilation of SO

4

2− in photosynthetic organ-
isms has come from studies of vascular plants 
(Grossman and Takahashi, 2001; Maruyama-
Nakashita et al., 2003; Maruyama-Nakashita et al., 
2004; Takahashi et al., 2003), with considerable 
information gleaned from examination of the 
algae (Grossman and Takahashi, 2001; Pollock 
et al., 2005) and cyanobacteria (Green et al., 
1989; Grossman and Takahashi, 2001; Schiff, 
1979). In this chapter we will primarily sum-
marize work that has allowed for elucidation 
of SO

4

2− acquisition and reduction processes in 
algae, and how these photosynthetic organisms 
respond when growth becomes limited by lowS 
availability (see section V).

A. SO4
2− Transport Systems

Algae have several SO
4

2− transport systems residing 
on the cellular membranes. The transport process 
is energy dependent, and oxide anions of group 
IV elements (e.g. chromate, selenate and molybdate) 
directly compete with SO

4

2− at the site of transport 
(Ramus, 1974; Ryan et al., 1987). Early studies of 
SO

4

2− uptake in the fresh water cyanobacterium 
Synechococcus sp. PC7942 (formerly Anacystis 
nidulans) demonstrated that the process is light-
dependent and energy-requiring (Jeanjean and 
Broda, 1977; Utkilen, 1976). Genes encoding a 
cyanobacterial SO

4

2− transporter (ABC trans-
porter type) were first identified in Synechococ-
cus sp. PCC7942 (Green et al., 1989; Laudenbach 
and Grossman, 1991); the subunits of this trans-
porter are designated CysA, CysT, CysW and 
SbpA. The genes for these transporter subunits 
plus CysR are clustered on a Synechococcus sp. 
PCC7942 plasmid; the cysR gene encodes a tran-
scription factor. Since a deletion of CysA, CysT 
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or CysW resulted in decreased SO
4

2− uptake and 
no growth when SO

4

2− was provided as the only 
S source, this transport complex is likely the 
sole or major SO

4

2− transporter in Synechococ-
cus sp. PCC7942. Interestingly, disruption of the 
sbpA gene did not result in a growth phenotype 
when cells were maintained on SO

4

2−, although 
the mutant could not synthesize a high capacity 
uptake system during S starvation (Laudenbach 
and Grossman, 1991).

Once SO
4

2− is transported into a photosyn-
thetic eukaryotic cell, it must be routed into the 
plastids where it is reduced. Recently, a bacte-

rial-type SO
4

2− transporter was discovered in 
C. reinhardtii (but not in vascular plants), which 
was found to be associated with the chloroplast 
envelope (Fig. 2). Initially, a single gene encod-
ing a subunit of this transporter was isolated and 
designated SulP (GenBank accession AF467891) 
(Chen and Melis, 2004; Chen et al., 2003). SulP 
is predicted to be a transmembrane polypeptide 
with strong similarity to the ABC transporter 
subunit CysT. SulP mRNA and protein increase 
when C. reinhardtii is starved for S, and a sulP 
antisense strain exhibited reduced SO

4

2− uptake 
capacity, lower photosynthesis (as measured by 

Fig. 1. The sulfur cycle. DMSP, a prominent S metabolite synthesized by marine algae (and plants) can reach an intra-cellular 
concentration of 50–400 mM (Stefels, 2000). Excess DMSP is exported from the cell, and most is degraded by bacteria or by 
the activity of extra-cellular, algal DMSP lyases. Products of the lyase reaction are DMS, acrylate and H+. Acrylate may serve 
as a grazer repellent (Wolfe et al., 1997). DMS is volatile and can be released, to some extent, from the ocean surface into the 
atmosphere (Groene, 1995) at the rate of 0.6–1.7 TmolS/year (13, 4), although it is subject to photolysis (7–40%) or biological 
comsumption (129). DMSP and DMS concentrations in sea water are in the nM range (Barnes, 1994; Kieber, 1996). ROS in the 
atmosphere, generated by photo-dissociation of ozone by UV light, causes oxidation of DMS and the formation of SO

2
, with the 

production of lesser amounts of MSA (20%) and DMSO (14%) (Andreae and Crutzen, 1997; Charlson et al., 1987; Kieber et al., 
1996). SO

4

2− particles can form from the SO
2
; this process is affected by various atmospheric factors including the concentration 

of H
2
O and NH

3
. SO

4

2− particles of a certain size behave as CCN. COS is the most abundant S compound in the atmosphere. It is 
produced by burning coal and oil, which leads to oxidation of CS

2
 present in coal. It is also a product of photooxidation of DMS 

(Barnes et al., 1994). COS is taken up by plants or oxidized to form SO
4

2− leading to SO
4

2− aerosols and CCN formation.
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light-saturated rates of O
2
 evolution), low lev-

els of ribulose-1,5-bisphosphate carboxylase 
(Rubisco) and the photosystem (PS) II reaction 
center polypeptide D1, and signs of S deficiency, 
even in the presence of moderate concentrations 
of SO

4

2− (the cells cannot efficiently acquire 
S and begin to exhibit responses associated with 
S starvation) (Chen and Melis, 2004; Chen et al., 
2005). Failure to isolate SulP antisense trans-
formants with a large reduction in the SulP 
transcript level suggests that a complete loss of 
gene function would be lethal and that this trans-
porter defines the major path for SO

4

2− import 
into C. reinhardtii plastids.

Recently, additional components of the 
chloroplast, bacterial-type SO

4

2− transporter have 
been identified (Melis and Chen, 2005), including 
another transmembrane protein and the nucle-
otide and substrate binding proteins. Of the four 
nuclear genes encoding this SO

4

2− permease holo-
complex (Table 1), there are two encoding chlo-
roplast envelop-targeted transmembrane proteins, 

SulP and SulP2 (AY536251), a stromal-targeted 
ATP-binding protein (Sabc, AY536252) and a 
substrate-binding protein (Sbp, AY536253). 
The mature SulP and SulP2 polypeptides are 
in the inner chloroplast membrane and contain 
seven transmembrane domains and two relatively 
large hydrophilic loops.

The nuclear genome of the primitive red alga 
Cyanidioschyzon merolae also contains genes for 
all components of a bacterial-type SO

4

2− trans-
porter; CysA and Sbp are each probably encoded 
by a single gene while two CysT-like genes 
(which also resemble CysW) are in tandem and 
just downstream of a gene encoding a LysR-like 
transcription regulator (http://merolae.biol.s.u-
tokyo.ac.jp/) (Matsuzaki et al., 2004). The plastid 
genome sequence of C. merolae (AY286123 for 
the genome of strain DBV201, and AB002583 
for the genome of strain 10D) (Clowney and 
Suzuki, direct submission) (Ohta et al., 2003) 
also contains a single cysT-like gene. In contrast, 
the nuclear genome of the diatom Thalassiosira 

Fig. 2. Sulfate transport systems. SAC1, anticipated to function on the plasmamembrane where is may sense intra- and/or extra-
cellular SO

4

2− conditions and initiate a signaling cascade that regulates expression of genes involved in S metabolism. H+/SO
4

2− 
transporters and SAC1-like proteins, which show a high degree of sequence similarity to Na+/SO

4

2− transporters, may also be 
located on the plasmamembrane, while bacterial type SO

4

2− transporters, complexes containing SulP, Sbp and Sabc, function on 
the chloroplast envelope to import SO

4

2− into the stroma (where the SO
4

2− can be reduced by photosynthetic electron transport).
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pseudonana encodes a CysA-like polypeptide, 
which may be part of a SO

4

2− transport system (or 
another ABC transporter), but there are no genes 
encoding CysT- or Sbp-like polypeptides on 
the nuclear genome (http://genome.jgi-psf.org/
thaps1/thaps1.home.html). The plastid genome of 
this organism has not been sequenced, but it may 
harbor genes for the other SO

4

2− transport com-
ponents. Indeed, genes encoding potential CysT 
and CysA homologs (but not Sbp) are encoded on 
chloroplast genomes of various algae including 
Nephroselmis olivacea (AF137379) (Turmel 
et al., 1999), Mesostigma viride (AF166114) 
(Lemieux et al., 2000), Zygnema circumcari-
natum (Ay958086) (Turmel et al., 2005), Pro-

totheca wickerhamii (AJ245645, Knauf,U 
direct submission) and Chlorella vulgaris C-27 
(AB001684) (Wakasugi et al., 1997). Interestingly, 
there are also cysA- and cysT-like genes on the 
chloroplast genomes of the lower vascular plants 
Marchantia polymorpha (liverwort, X04465) 
(Ohyama et al., 1988) and Anthoceros formosae 
(hornwort, AB086179) (Kugita et al., 2003), but 
not on the nuclear or plastid genomes of vascular 
plants. These findings suggest that genes encod-
ing polypeptides of the SO

4

2− transport system 
that function in chloroplasts of algae and lower 
eukaryotic photosynthetic organisms are similar 
to prokaryotic SO

4

2− transport systems, and that 
some or all of these genes were transferred from 

Table 1. C. reinhardtii genes encoding enzymes of the SO
4

2− assimilation pathway and GSH/PC synthesis.

GenBank accession number or Gene 
model in ver3 Name Description

AF467891 SulP ABC transporter type-sulfate transporter

AY536251 SulP2
AY536252 Sabc
AY536253 Sbp
e_gwW.4.24.1 Sultr1 putative H+/sulfate transporter

Chlre2_kg.scaffold_32000067 Sultr2 putative H+/sulfate transporter

Chlre2_kg.scaffold_35000027 Sultr3 putative H+/sulfate transporter

e_gwW.10.232.1 SAC1-LIKE putative Na+/sulfate transporter

gwH.10.31.1 SAC1-LIKE putative Na+/sulfate transporter

gwH.11.15.1 SAC1-LIKE putative Na+/sulfate transporter

U57088 ATS1 ATP sulfurylase 1

estExt_gwp_1W.C_50037 ATS2 ATP sulfurylase2

estExt_fgenesh2_kg.C_280057 AKN2 Adenylylsulfate kinase 2

AF498290 APR1 APS reductase 1

estExt_GenewiseH_1.C_460003 SIR1 ferredoxin dependent sulfite reductase 1

estExt_fgenesh2_pg.C_290083 SIR2 ferredoxin dependent sulfite reductase 2

estExt_fgenesh2_pg.C_90006 or 
estExt_fgenesh1_pg.C_90006

SIR3 NADH/NADPH dependent sulfite 
reductase 3

AAM23309 SAT1 Serine acetyltransferase 1

estExt_fgenesh2_pg.C_540058 SAT2 Serine acetyltransferase 2

e_gwW.4.121.1 SAT3 Serine acetyltransferase 3

estExt_gwp_1W.C_290041 OASTL1 O-acetylserine(thiol)lyase 1

SKA_Chlre2_kg.scaffold_67000049 OASTL2 O-acetylserine(thiol)lyase 2

MHS_estExt_GenewiseW_1.C_90074 OASTL3 O-acetylserine(thiol)lyase 3

AF078693 OASTL4 (Cys1ACr) O-acetylserine(thiol)lyase 4

estExt_fgenesh1_pm.C_270009 Cystathionine gamma-synthase
estExt_gwp_1H.C_450020 Cystathionine beta-lyase
e_gwW.795.8.1 METH cobalamin-dependent methionine 

synthase

Chlre2_kg.scaffold_82000007 METE cobalamin-independent methionine 
synthase

estExt_fgenesh2_kg.C_70040 GSH1 g-glutamylcysteine synthetase

e_gwH.13.43.1 GSH2 glutathione synthethase

e_gwH.6.128.1 PCS phytochelatin synthase
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the original endosymbiont genome to the nuclear 
genome of the host organism. The distribution 
of genes for various component of this bacte-
rial-type SO

4

2− transporter between nuclear and 
plastid genomes appears to differ among different 
organisms, and further analysis of this distri-
bution and the way in which the synthesis of 
nuclear- and chloroplast-encoded components of 
the transporter are coordinated will be of considerable 
evolutionary interest.

In vascular plants, SO
4

2− transport across 
plasmamembrane and tonoplast membranes is 
performed by H+/SO

4

2− co-transporters (SLC26 
family proteins) (Buchner et al., 2004; Maru-
yama-Nakashita et al., 2004; Saito, 2000). 
Recently, genes encoding the putative plasmam-
embrane SLC26 type H+/SO

4

2− transporters of 
C. reinhardtii have been isolated and charac-
terized, and have been designated SULTR1, 
SULTR2, and SULTR3 (Fig. 2). These findings 
suggest that similar SO

4

2− transport systems may 
function on the plasmamembranes of vascular 
plants and C. reinhardtii. In addition, the C. rein-
hardtii genome contains three SAC1-LIKE genes 
that exhibit strong sequence similarity to mam-
malian Na+/SO

4

2− transporters (SLC13 family). 
Two of these SAC1-LIKE genes are arranged in 
tandem, and in the same orientation, on the C. 
reinhardtii genome (Pootakham and Grossman, 
unpublished). Both H+- and Na +-dependent type 
SO

4

2− transporters have distinctive small domains 
in the region of the polypeptide predicted to be 
in cytosol (STAS and TrkA_C domain, respec-
tively), whose functions are of great interest but 
remain unknown (2). All genes associated with 
SO

4

2—assimilation, are given in Table 1.
Some cyanobacterial genomes (e.g. Synechocystis 

sp. PCC6803 and Synechococcus sp. PCC7942) 
also contain putative SLC26 family type H+/SO

4

2− 
transporters (BAA16785 and ABB57410, respec-
tively). It is not clear whether or not these puta-
tive transporters really transport SO

4

2− since some 
SLC26 family members are responsible for trans-
porting other anions. This will only be revealed 
with additional genetic and biochemical studies.

B. ATP Sulfurylase

The first enzyme in the pathway leading to the 
reduction and assimilation of SO

4

2− is ATP sul-
furylase (ATS and ATS for gene and protein desig-

nations, respectively). ATS catalyzes activation of 
SO

4

2− to form adenosine 5′-phosphosulfate (APS). 
Two independent proteins with ATS activity were 
purified from Euglena gracilis; one was associated 
with chloroplasts and the other with the cytosol (Li 
et al., 1991). The C. reinhardtii (http://genome.
jgi-psf.org/Chlre3/Chlre3.home.html), T. pseudo-
nana and C. merolae nuclear genomes all appear 
to contain two genes encoding ATS. The polypep-
tide encoded by C. reinhardtii ATS1 (accession 
U57088) has a plastidic transit peptide (Yildiz et 
al., 1996), suggesting that this gene product func-
tions in the chloroplast. There is no obvious signal 
peptide associated with the ATS2 polypeptide.

C. APS Kinase

APS generated in the ATS reaction can function 
directly in sulfation reactions, undergo a second 
phosphorylation to yield 3′-phosphoadenosine 5′-
phosphosulfate (PAPS) (Arz et al., 1994; Lee and 
Leustek, 1998), or the SO

4

2− ligand of APS can be 
further reduced to generate sulfide. APS kinase, 
designated APSK or AKN (adenylsulfate kinase) 
catalyzes the phosphorylation of APS to yield 
PAPS. AKN appears to be encoded by a  single 
gene in C. reinhardtii. PAPS, like APS, can also 
be used by sulfotransferases to catalyze the sulfa-
tion of various metabolites including flavanols, 
choline and glucosides. This non-reductive incor-
poration of SO

4

2− into various molecules occurs 
in the cytoplasm. In most eukaryotic algae, PAPS 
is not the major substrate used for the reduction 
SO

4

2− (Gao et al., 2000); the SO
4

2− ligand on APS 
generally serves as the substrate for reduction 
(Bick et al., 2000; Kopriva et al., 2001; Kopriva 
and Koprivova, 2004).

D. APS and PAPS Reductases

The SO
4

2− of APS is reduced to sulfite via a reaction 
catalyzed by APS reductase (APS sulfotransferase; 
gene and protein designations APR and APR, 
respectively). Studies focused on this reaction 
were recently reviewed (Kopriva and Koprivova, 
2004). The green, unicellular alga Chlorella 
(Schmidt, 1972), Euglena gracilis (Li and Schiff, 
1991) and the marine macrophytic red alga Por-
phyra yezoensis (Kanno et al., 1996) were used 
for purifying APR. The purified proteins were 
tested for their enzymatic properties, including their 
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requirement for thiols. A cDNA encoding APR 
was cloned from the marine chlorophyte Entero-
morpha intestinalis (AF069951) by complemen-
tation of the E. coli cysH mutant (Gao et al., 2000) 
and also from C. reinhardtii (Ravina et al., 
2002), which appears to have a single APR1 
gene (AF498290). The proteins encoded by 
E. intestinalis and C. reinhardtii cDNAs have the 
same structure as analogous proteins of vascular 
plants; the protein has a predicted transit peptide, 
a PAPS reductase-like domain and a carboxy-ter-
minal thioredoxin domain, which is thought to be 
required for releasing sulfite, the reduction inter-
mediate, from the protein (Weber et al., 2000).

Kopriva et al. (2002) observed that the APR 
proteins have specific cysteine residues within 
the PAPS reductase-like domain that bind an 
[4Fe–4S]2+ cluster (Kopriva et al., 2001). In con-
trast, the PAPS reductase does not have these 
[4Fe–4S]2+ binding residues, suggesting that 
PAPS reductase may be the reductase of choice 
in environments with low iron (Fe) availability. 
Kopriva et al. (2002) suggested, based on 
phylogenetic analysis, that the pathway leading 
to SO

4

2− reduction via the APR reaction repre-
sents the ancestral pathway for SO

4

2− assimilation 
and that PAPS reductase evolved in response to 
either Fe or S poor environments.

APR is likely to be the primary route for 
SO

4

2− reduction in most eukaryotic algae since 
little PAPS reductase activity was detected in 
three chlorophytes (E. intestinalis, Tetraselmis 
sp., and Dunaliella salina), two diatoms (Tha-
lassiosira weissflogii and Thalassiosira ocean-
ica), two prymnesiophytes (Isochrysis galbana 
and Emiliania huxleyi), and a dinoflagellate 
(Heterocapsa triquetra) (Gao et al., 2000). In 
contrast, most marine and freshwater cyano-
bacteria have evolved PAPS reductase (http://
cyano.genome.jp) (Kopriva et al., 2002), with 
some exceptions (Schmidt and Trüper, 1977), 
one of which is Plectonema sp. PCC73110 
(Kopriva and Koprivova, 2004). APR genes in 
algae (E. intestinalis, C. merolae and C. rein-
hardtii) encode proteins with the APR signature 
cysteines. However, there are two genes on the 
nuclear genome of the marine centric diatom 
T. pseudonana (gene models grail.75.38.1 and 
new V2.0.genewise.6.577.1) that encode a pro-
tein like APR, but with some unique features. 
While these polypeptides have a thioredoxin-

like domain, they do not appear to contain the 
APR-specific signature cysteines, suggesting 
that these APR-like polypeptides may not have 
the [4Fe–4S]2+ cluster and that they might use 
PAPS as their substrate Hence, in the oceans, 
where Fe can be severely limiting, T. pseudo-
nana might have developed a means of SO

4

2− 
reduction that avoids the use of the [4Fe–4S]2+ 
cluster and likely uses PAPS as the substrate for 
reduction; this conclusion requires biochemical 
confirmation.

E. Sulfite Reductase

SO
3

2− generated by the APS reductase reaction is 
reduced to sulfide by plastidic sulfite reductase (SIR 
and SIR for the gene and protein, respectively). 
This ferredoxin-dependent activity was detected 
in cell-free extracts from the green alga Chlorella 
(Schmidt, 1973). In C. reinhardtii there are two 
genes encoding a eukaryotic-type sulfite reductase 
(SIR1 and SIR2), which use reduced ferredoxin as 
reductant, and a single gene for a putative bacterial-
type enzyme (SIR3). The latter has both flavin and 
pyridine nucleotide binding domains and probably 
uses NADPH or NADH as reductant. The T. pseu-
donana and C. merolae nuclear genomes also con-
tain genes encoding both eukaryotic and prokaryotic 
SIR, probably two of each type.

F. Serine Acetyltransferase

The sulfide generated by the SIR reaction is com-
bined with O-acetylserine (OAS) to form cysteine in 
a reaction catalyzed by O-acetylserine(thiol)lyase 
(OASTL). OAS, the immediate substrate for 
incorporation of sulfide, is formed from serine 
and acetylCoA in a reaction catalyzed by serine 
acetyltransferase (SAT). Interestingly, Synechoc-
occus sp. PCC7942 harbors a plasmid containing 
genes associated with S metabolism. The transcription 
factor CysR, encoded by a gene within the SO

4

2− 
transporter gene cluster, is activated along with 
the transporter genes. CysR appears to con-
trol expression of genes on a Synechococcus 
sp. PCC7942 plasmid; among these plasmid 
genes is srpH, which codes for SAT (Nicholson 
et al., 1995). These results suggest that there is 
sequencial activation of genes associated with 
S-deprivation responses in Synechococcus sp. 
PCC7942. The C. reinhardtii genome contains at 
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least three SAT genes, based on our analysis of the 
genome sequence. The SAT1 gene (AY095344) 
has been described by Ravina et al. (2002). While 
SAT1 and SAT2 polypeptides are predicted to 
be targeted to the chloroplast, there is no reliable 
gene model, at this point, for the third SAT gene.

G. OASTL

In vascular plants, OASTL is encoded by multiple 
genes and the different gene products are present 
in the cytosol, plastids, and mitochondria. The C. 
reinhardtii genome also harbors multiple OASTL 
genes (there are probably four genes; OASTL1–4). 
The polypeptides encoded by these genes are 
highly homologous to OASTL from bacteria 
and vascular plants. OASTL encoded by the C. 
reinhardtii Cys1ACr gene (Ravina et al., 1999) 
OASTL4 has a putative plastid transit peptide 
and is predicted, based on the program PSORT, 
to be localized to the chloroplast stroma. The 
T. pseudonana genome also contains multiple 
genes encoding SAT and OASTL. The existence 
of multiple SAT and OASTL isoforms suggests 
that these activities may be required in different 
subcellular compartments. The Synechococcus 
sp. PCC7942 srpG gene, which encodes OASTL, 
is present on the same plasmid as srpH (Nicholson 
et al., 1995; Nicholson and Laudenbach, 1995), 
and is also regulated by S availability and the 
regulatory element CysR.

H. Methionine Synthesis

Methionine is synthesized from cysteine and O-
phosphohomoserine (OPH) by three consecutive 
reactions catalyzed by cystathionine γ-synthase, 
cystathionine β-lyase and methionine synthase; 
intermediates in this pathway are cystathionine 
and homocysteine. Cystathionine γ-synthase cat-
alyzes the formation of cystathionine. Its activity 
is controlled by OPH and S-adenosylmethio-
nine availability. OPH, which is generated from 
aspartate, can serve as the substrates for both 
cystathionine γ-synthase and threonine synthase, 
and the relative activities of these enzymes are 
controlled by the S status of cells; as S levels 
decline the activity of cystathionine γ-synthase 
increases relative to threonine synthase. Cystath-
ionine β-lyase generates homocysteine from cys-
tathionine, while methionine synthase catalyzes 

the methylation of homocysteine to form methio-
nine. The C. reinhardtii genome appears to have a 
single copy of the cystathionine β-lyase gene and 
two genes encoding methionine synthase, METE 
and METH. The METE methionine synthase is 
a vitamin B

12
 (cobalamin)-independent enzyme 

with no predicted transit peptide sequence (Kurvari 
et al., 1995). Expression of METE appears to 
increase in activated C. reinhardtii gametes. 
This finding raised the possibility of methionine 
being involved in signal transduction or cellu-
lar responses associated with fertilization. The 
METH methionine synthase is a vitamin B

12
-

dependent enzyme. It appears that C. reinhardtii 
preferentially uses the vitamin B

12
-dependent 

form of methionine synthase, which has a higher 
rate of catalysis, but in the absence of vitamin 
B

12
, the alga survives by activating expression of 

METE. The controlled synthesis of the two dif-
ferent methionine synthase proteins is through 
a riboswitch mechanism. Vitamin B

12
 appears 

to bind to the METE mRNA, thereby blocking 
its translation; this promotes the synthesis of the 
METH transcript during vitamin B

12
-sufficient 

growth. Work is currently being done to more 
clearly define the binding of vitamin B

12
 to the 

mRNA and the structural and regulatory conse-
quences of that binding (Croft et al., 2005; Croft, 
The 12th International Conference on Cell and 
Molecular Biology of Chlamydomonas, May 
9–14, 2006, Portland, Oregon).

I. Glutathione Synthesis

Glutathione (GSH) is a small thiol compound 
(γ-Glu-Cys-Gly) that plays a key role in help-
ing cells control damage that may be caused by 
the accumulation of ROS species. Thus, GSH 
synthesis is likely to have co-evolved with the 
evolution of oxygenic photosynthesis, and GSH 
accumulation has been noted in most cyanobacteria 
and eukaryotic algae (Fahey et al., 1987). GSH 
is synthesized by the ATP-dependent addition 
of cysteine to glutamate by γ-glutamylcysteine 
synthetase (γ-ECS or GSH1) to form γ-glutamyl-
cysteine, followed by the ATP-dependent addi-
tion of glycine to γ-glutamylcysteine by GSH 
synthetase (GSH2). The synthesis of GSH in C. 
reinhardtii is enhanced by exposure of the cells 
to heavy metals (Howe and Merchant, 1992). 
The C. reinhardtii genome contains a single gene 
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encoding each of these enzymes, and the polypep-
tides encoded by both have putative plastid transit 
sequences. Amino acid sequences of γ-ECS among 
various organisms exhibit considerable diver-
gence, while the GSH2 sequences are more highly 
conserved (Copley and Dhillon, 2002). γ-ECSs of 
cyanobacteria form an independent phylogenetic 
group relative to eukaryotes. Furthermore, the 
vascular plant and cyanobacterial γ-ECSs appear 
evolutionarily more distant than the vascular plant 
and α-proteobacteria γ-ECS (Ashida et al., 2005), 
suggesting that the plant gene may have evolved 
from a α-protepbacterial gene following horizontal 
gene transfer. Plant type γ-ECSs differ from those 
of bacteria or non-plant eukaryotes both in struc-
ture and regulation (Copley and Dhillon, 2002; 
Jez et al., 2004). Vascular plant γ-ECS functions 
as a monomer and is subject to inhibition by GSH. 
Based on sequence similarity, the C. reinhardtii 
γ-ECS resembles those of vascular plants. In con-
trast, the nuclear genomes of T. pseudonana and 
C. merolae contain a single γ-ECS gene encoding 
a product that clusters into independent phyloge-
netic groups that are distant from those in other 
organisms (the encoded proteins are most similar 
those of Homo sapiens). The diversity of GSH1 
sequences suggests marked evolutionary tailoring 
of the gene product, a product critical for the fit-
ness of organisms under extreme environmental 
conditions (see section III.D.).

J. Phytochelatin Synthase

Phytochelatin (PC) is a small peptide (γ-Glu-Cys)
n-Gly (n = 2–11) involved in the detoxification 
of heavy metals. PC is synthesized non-ribosomally 
from GSH by the enzyme PC synthase (PCS). 
Genes for PCS have been identified in eukaryotic 
algae, cyanobacteria, vascular plants, fungi and 
nematodes (Clemens, 2006).

Cyanobacterial PCS genes have been cloned and 
the encoded polypeptide studied at both structural 
and catalytic levels (Tsuji et al., 2005; Tsuji et al., 
2004; Vivares et al., 2005). The cyanobacterial PCS 
is distantly related to PCS of other organisms, but 
it resembles the amino terminal domain of eukary-
otic PCS. The Nostoc (Anabaena) sp. PCC7120 
enzyme has been shown to cleave glycine from 
GSH (first step of the reaction), but exhibited low 
activity for the second reaction step, the step that 
results in PCS formation (Harada et al., 2004; Tsuji 

et al., 2004). Mutagenesis of A. thaliana PCS (Rea 
et al., 2004) and the solved crystal structure of the 
Nostoc enzyme (Vivares et al., 2005) have led to 
a proposed mechanism for PCS action (Clem-
ens, 2006). However detailed comparisons of the 
sequence and activity of A. thaliana and Nostoc 
PCS using ion-pair HPLC has led to a mechanistic 
model (Romanyuk et al., 2006) that is not congruent 
with previous models (Clemens, 2006).

Aspects of PCS structure and function have not 
been extensively studied in eukaryotic algae other 
than Dunaliella tertiolecta; this organism has been 
used to determine how heavy metals influence PC 
accumulation in algae (Hirata et al., 2001; Tsuji 
et al., 2003). Based on nuclear genome sequences, 
C. reinhardtii and C. merolae have one putative 
PCS gene each; the PCS proteins in these algae 
appear to be phylogenetically distant. In contrast, 
the T. pseudonana nuclear genome appears to 
contain three putative PCS genes.

K. DMSP Synthesis

Marine algae grow in S-rich environments and 
use SO

4

2− and other S compounds in the synthesis 
of unique algal products including agar, alginates 
and carageenans; all of these compounds are 
highly sulfated polysaccharides. The sulfonium 
compound DMSP is another unique S-containing 
molecule that is synthesized by marine algae, but 
rarely by vascular plants. As discussed below, the 
synthesis of DMSP appears to be important for 
adaptation/acclimation to changes in osmolarity 
and salinity (Stefels, 2000).

Most small flagellates, coccolithophores and 
dinoflagellates possess high levels of activities 
required for DMSP synthesis, while these activities 
are generally low in diatoms (Malin and Kirst, 
1997; Matrai and Keller, 1994). Some algae accu-
mulate extremely high DMSP levels (>1 M in some 
dinoflagellates, but more typically 50–400 mM), 
which can be a major S sink; DMSP biosynthesis 
can divert a significant proportion of S from the 
SO

4

2− assimilation pathway in marine algae. Marine 
algae may increase DMSP synthesis upon expo-
sure to high intensity light and by increasing the 
daylength; both conditions generate elevated DMS 
emission (Karsten et al., 1990; Stefels, 2000). Fur-
thermore, the flux of S through the DMSP pathway 
may be enhanced under N-limitation conditions, 
where protein synthesis ceases and the S that would 
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normally be allocated to the synthesis of proteins 
becomes available for making more DMSP (Gröne T 
and O., 1992; Keller et al., 1999).

The biosynthesis of DMSP occurs via a 
unique pathway, as shown in Fig. 3, which was 
elucidated using in vivo isotope labeling of the 
green macro-alga E. intestinalis (Gage et al., 
1997). This pathway has little in common with 
the pathway for DMSP synthesis in vascular 
plants, which has been studied in Wollastonia 
biflora (James et al., 1995) and Spartina alterni-
flora (Kocsis et al., 1998). Methionine serves 
as the precursor to DMSP in all known biosyn-
thetic pathways, and the first step in the pathway 
is a transamination reaction that removes NH

3
 

from methionine resulting in the formation 

of 4-methylthio-2-oxobutylate (MTOB). The 
higher levels of DMSP in N-starved relative 
to unstarved cells (Groene, 1995) may reflect 
elevated transamination activity as proteins 
in the cell are recycled and more free methio-
nine becomes more abundant. Reduction and 
S-methylation of MTOB produces 4-dimethyl-
sulphonio-2-hydroxybutyrate (DMSHB), a novel 
compound identified in diverse phytoplankton 
groups, suggesting that the same pathway for 
DMSP synthesis as in E. intestinalis is present 
in a range of different algal species. Finally, 
DMSHB is converted to DMSP by an oxidative 
decarboxylation reaction.

L. DMSP Degradation and Its 
Consequences

DMSP that is secreted or leaks into the extracel-
lular environment may be rapidly degraded. One 
degradation pathways involves DMSP lyase activ-
ity, which may be produced by the alga itself, by 
marine bacteria (de Souza and Yoch, 1995a; de 
Souza and Yoch, 1995b; Yoch et al., 1997) or by 
fungi (Bacic and Yoch, 1998). DMSP lyases cata-
lyze the cleavage of DMSP, generating the vola-
tile gas DMS, plus acrylate and H+. The acrylate 
can potentially serve as a repellent to grazers 
(Wolfe et al., 1997) while the DMS is released 
into the atmosphere and influences the forma-
tion of clouds (see below). DMSP lyase activ-
ity has been measured in various algae (benthic 
macroalgae and pelagic phytoplankton) (Cantoni 
and Anderson, 1956; Challenger and Simpson, 
1948; de Souza and Yoch, 1996; Karsten et al., 
1990; Nishiguchi and Somero, 1992; Stefels and 
van Boekel, 1993), and often accumulates in the 
extracellular space of algal tissue (Stefels and van 
Boekel, 1993). DMSP may also be consumed by 
bacteria which can degrade the compound by 
demethylation and demethionylation, producing 
first methanethiol and then methionine. However, 
some algae may also accumulate high intracellu-
lar DMSP levels, and after they die and lyse, the 
released DMSP may be degraded by extracellular 
algal, bacterial and fungal DMSP lyases (Bacic 
and Yoch, 1998; de Souza and Yoch, 1995a; de 
Souza and Yoch, 1995b; Yoch et al., 1997), releasing 
significant amounts of DMS into the atmosphere. 
It has been difficult to evaluate how much of the 
DMSP that is generated is completely consumed 

tr

h

Fig. 3. DMSP synthesis. The pathway presented below shows 
the biosynthesis of DMSP from methionine in marine algae 
(Gage et al., 1997). Abbreviations are; Met, methionine; 
MTOB, 4-methylthio-2-oxobutyrate; MTHB, 4-methylthio-2-
hydroxybutyrate; DMSHB, 4-dimethilsulphonio-2-hydroxy-
butyrate; DMSP3-, dimethylsulphoniopropionate; AdoMet, 
S-adenosylmethionine; AdoHCys, S-adenosylhomocysteine.
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and how much is converted to DMS and venti-
lated into the atmosphere. It is also a challenge 
to quantify the relationship between phytoplank-
ton populations or measured DMSP lyase activity 
with DMS fluxes at the ocean surface (Charlson 
et al., 1987). The situation is complicated by the 
fact that there is significant variation in the lev-
els of DMSP synthesis among different marine 
algal species (Karsten et al., 1992; Malin and 
Kirst, 1997), which may also be significantly 
affected by environmental conditions, as dis-
cussed above. Simo and Pedros-Alio (Simo and 
Pedros-Alio, 1999) demonstrated a correlation 
between DMS production and the mixed layer 
depth, but this finding cannot be solely explained 
by enhancement of DMSP production at elevated 
light intensities; the explanation must also involve 
degradation of DMSP by marine bacteria, which 
would result in diminished DMS production.

The interest in DMS formation and release into 
the atmosphere stems from the fact that this volatile 
compound can generate SO

4

2− aerosols that can 
nucleate the formation of clouds (Bates et al., 
1987), as discussed in sections I and III.E.

III. Non-Protein S Compounds

The thiol groups present on cysteine and methio-
nine provide the substrate for disulfide bond 
formation in and between polypeptides. These 
bonds or bridges may stabilize proteins and pro-
tein complexes and serve as redox-active sites 
that can modulate catalytic activity. The thiol 
groups of cysteine often bind specific ligands 
such as Fe, which is critical for electron trans-
port/redox-driven processes in the cell. Cysteines 
in proteins may also undergo glutathionylation 
and S-nitrosylation; these reversible modifica-
tions may unveil different activity states of a pro-
tein and be intergral to the regulation of cellular 
metabolism. However, S is also present in several 
other biologically active molecules that serve a 
variety of functions.

A. Sulpholipids

The sulfolipid sulfoquinovosyl diacylglycerol 
(SQDG) has been estimated to be one of the most 
abundant S-containing organic compounds in bio-
logical systems (Harwood and Nicholls, 1979), 

and its presence has been established in a variety 
of algae after first being discovered in vascular 
plants and cyanobacteria. SQDG is a prominent 
molecule in photosynthetic membranes of green 
algae and vascular plants. The unique cyanobac-
terium Gloeobacter violaceus sp. PCC7421, has a 
cytoplasmic membrane that houses the photosyn-
thetic machinery, but lacks internal thylakoids (the 
internal photosynthetic membranes in most cells) 
and is completely devoid of SQDG (Selstam and 
Campbell, 1996). The relative amount of SQDG 
in thylakoids is 11–14%; it is significantly lower 
in the cyanobacterial cytoplasmic membranes 
(Murata and Sato, 1983; Omata and Murata, 
1983). Sulfolipid synthesis and function have 
been reviewed by Benning (Benning, 1998), and 
are also discussed by Benning et al. in Chapter 
II-11 in this book.

A number of factors may influence SQDG 
levels in the membranes. During phosphorus (P) 
-limited growth, the ratio of phospholipids to non-
phospholipids in cellular membranes declines, 
and a greater proportion of the lipid is in the form 
of SQDG; SQDG synthesis may increase during 
P-limitation to help maintain a constant level of 
anionic lipid in the membranes. For example, in 
Synechococcus sp. PCC7942, phosphatidyl glyc-
erol (PG) and SQDG accumulate to 7.2 and 22.3 
mol%, respectively, under growth conditions in 
which P is limiting, while those values are 16.6 
and 10.3 mol% under P-replete condition (Guler 
et al., 1996).

The C. reinhardtii genome contains a single 
gene for UDP-sulfoquinovose synthase, SQD1 
(AB116936, homolog of sqdB), which attaches 
SO

4

2− to UDP-glucose to generate the sulfoqui-
novose moiety. The SQD1 protein has a putative 
plastid transit peptide at its amino-teminus and a 
phylogenetic analysis places the proteins into two 
distinct groups (Sato et al., 2003). One group is 
represented by the Synechococcus sp. PCC7942 
protein, which shows strong similarity to the pro-
tein in anoxygenic photosynthetic bacteria such as 
R. sphaeroides. The second goup contains SQD1 
of Synechocystis sp. PCC6803, T. elongates, 
C. reinhardtii and vascular plants. For the second 
group of organisms, association of SQDG with 
PS II has been proven experimentaly; SQDG was 
shown to be associated with the PS II core and 
light-harvesting complexes of C. reinhardtii (Sato 
et al., 1995; Sigrist et al., 1988), and also PS II of 
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both T. elongatus (Loll et al., 2005) and vascular 
plants (Gounaris et al., 1985; Kruse et al., 2000; 
Murata et al., 1990; Trémoliéres et al., 1994). 
Thus, the molecular structure of SQD1 appears 
to correlate with the dependency of PS II activ-
ity on SQDG (Sato, 2004). The results suggest 
two lineages of PS II evolution, one in which the 
photosynthetic apparatus required SQDG for activ-
ity and the other in which the sulfolipid could be 
replaced by other lipids without a marked loss of 
PS II activity.

The second enzyme involved in sulfolipid bio-
synthesis, SQD2 (homolog of SqdX), adds the 
sulfoquinovose to diacylglycerol to form SQDG. 
In C. reinhardtii this activity appears to be 
encoded by SQD2a (e_gwW.1.590.1) and SQD2b 
(e_gwW.45.101.1). The levels of transcripts from 
the SQD1 and SQD2a genes increase during S 
starvation (Zhang et al., 2004), which probably 
helps sustain SQDG synthesis even when S lev-
els are declining (Sugimoto et al., 2005), even 
though in C. reinhardtii there is an accelerated 
rate of SQDG degradation upon S deprivation 
(Sugimoto et al., 2005), which may correlate with 
the decline in photosynthetic electron transport.

Finally, there is a minor sulfolipid species, 2′-
O-acyl-sulfoquinovosyldiacylglycerol (ASQD), 
that has been detected in C. reinhardtii cells 
(Riekhof et al., 2003). The fatty acids in ASQD 
are predominantly unsaturated, while those in 
SQDG are mostly saturated. Since the deletion of 
SQD1 in C. reinhardtii eliminates the synthesis 
of both SQDG and ASQD, ASQD is likely syn-
thesized by acylation of UDP-sulfoquinovose or 
SQDG (Riekhof et al., 2003).

B. Sulfated Oligosaccharides

Algae as well as vascular plants are producers of 
neutral polysaccharides such as starch and cellu-
lose. Most marine algae also accumulate sulfated 
polysaccharides, which may function to maintain 
thallus hydration and/or to capture and store spe-
cific ions. The character of the algal polysaccha-
rides may typify certain algal groups (Kloareg and 
Quatrano, 1988). Sulfated polysaccharides, such 
as agar and carrageenan cover the surfaces of red 
algal cells (Rhodophyta), filling spaces between 
the cell wall microfibrils (Craigie, 1990). Agars 
and carrageenans are 1,3-α-1,4-β-galactans sub-
stituted by zero (agarose), one (κ-carrageenan), 

two (ι-carrageenan), or three (λ-carrageenan) 
SO

4

2− groups per disaccharidic monomer. These 
high molecular mass compounds have been used 
as stabilizer and thickeners in foods, the base 
for cosmetics and polyelectrolyte films (Schoe-
ler et al., 2006), and for centuries have also been 
exploited for their anti-infective properties (Fab-
regas et al., 1999; Hetland, 2003; Huleihel et al., 
2002). The unicellular red algae Porphyridium 
aerugineum secretes a gel-like polysaccharide that 
encapsulates the organism. Pulse-chase experi-
ments have revealed that during the logarithmic 
phase of growth, the alga actively synthesizes and 
accumulates sulfated oligosaccharides within the 
cell body (probably in Golgi bodies). As much 
as 50% of exogenously supplied 35SO

4

2− can be 
incorporated into P. aeruginoseum oligosaccha-
ride (Ramus and Groves, 1972). Incorporation 
of radioactive SO

4

2− begins almost immediately 
after feeding labeled SO

4

2− to S-starved cells 
(Ramus and Groves, 1972), which is congruent 
with activation of the SO

4

2− assimilation pathway 
during S deprivation and the rapid synthesis of 
APS and PAPS, the immediate substrates for the 
sulfation reactions. Pulse-labeling experiments 
have also been performed to examine carrageenan 
synthesis in another red algal species, Chondrus 
crispus (Irish moss) (Loewus et al., 1971). Addi-
tionally, sulfated oligosaccharides are known to 
function as signaling molecule that are involved 
in symbiotic interactions between organisms, as 
exemplified by the interactions between Rhizo-
bium meliloti and legumes (vascular plants) that 
lead to the production of nodRM1 in the bacterial 
cells and the subsequent nodulation of the legume 
roots (Schultze et al., 1992). An example of an 
algal signaling process that employs S-containing 
signaling molecules occurs in the interactions 
between the endophytic green alga Acrocha-
ete operculata and C. crispus, its red algal host. 
A. operculata secrets enzymes that degrade C. 
crispus cell wall material, releasing carageenan 
oligosaccharides. These sulfated oligosaccha-
rides lead to further stimulation of A. operculata 
pathogenicity (Bouarab et al., 1999).

C. Thioredoxin and Glutaredoxin

Thioredoxin (TRX) is a family of small heat 
stable oxidoreductases. TRXs have a conserved 
active site -Cys-Gly(Ala/Pro)-Pro-Cys- that 
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contains two highly reactive cysteine molecules 
that can form a disulfide bond with each other, 
and also catalyze reversible disulfide bond for-
mation in target proteins in a redox sensitive 
manner; the modulation of protein disulfide 
bond formation can dramatically alter cata-
lytic activity (Vlamis-Gardikas and Holmgren, 
2002). For example, in chloroplasts, excitation 
of the photosynthetic electron transport system 
can promote the reduction of TRX by reduced 
ferredoxin, which in turn can activate the Calvin 
Cycle by reducing regulatory disulfides present 
in enzymes required for Calvin Cycle activity; 
these enzymes include NADP-malate dehydro-
genase and fructose 1,6-bisphosphatase (Geigen-
berger et al., 2005; Lemaire et al., 2005). In 
C. reinhardtii, expression of the TRX was shown 
to be regulated by heavy metal exposure, light 
and the circadian clock (Lemaire et al., 1999a; 
Lemaire and Miginiac-Maslow, 2004; Lemaire 
et al., 1999b), which reflects the redox function 
of the molecule.

TRX exists in all-free living organisms and 
in all of the organelles; TRXf and TRXm are in 
chloroplasts, TRXh in the cytosol, and TRXo in 
mitochondria. There are also relatively newly 
identified members of the TRX family of proteins, 
including TRXx, TRXy and the C. reinhardtii flagel-
ler type TRX (Lemaire and Miginiac-Maslow, 
2004). Each TRX isoform interacts with a spe-
cific reductase that uses a specific electron doner 
for the reduction reaction; shown in studies with 
both C. reinhardtii (Huppe et al., 1990; Huppe 
et al., 1991) and vascular plants (Florencio et al., 
1988) there is a NADPH-thioredoxin reductase in 
the cytosol and mitochondria, and a ferredoxin- 
thioredoxin reductase in chloroplasts.

For the algae, a TRX-like activity was first 
isolated from Euglena gracilis in 1975 (Munavalli 
et al., 1975), with subsequent isolations from the 
green algae Scenedesmus obliguus (Wagner and 
Follmann, 1977) and Chlorella (Tsang, 1981) 
and from cyanobacteria (Gleason et al., 1985; 
Whittaker and Gleason, 1984). As reviewed by 
Lemaire et al. (Lemaire and Miginiac-Maslow, 
2004), the genome sequences of C. reinhardtii 
and Synechocystis sp. PCC6803 have revealed 
eight and four genes encoding TRX, respectively, 
while the A. thaliana genome encodes nineteen 
TRX polypetides. Generally, the genomes of pho-
tosynthetic organisms contain more TRX genes 

than those of non-photosynthetic organisms. Two 
of the TRX isoforms in C. reinhardtii function to 
control movement of the alga by modulating flag-
ella action in response to redox conditions, which 
involves controlling the conformational states of 
dynein within the flagella (Harrison et al., 2002).

Recent proteomic approaches in which a 
mutated TRX (the mutant protein lacks one of 
the redox-active cysteines, allowing the second 
redox-active cysteine to bind target polypeptides 
without the subsequent disulfide bond reduc-
tion; therefore the TRX does not release the 
target protein) linked to an affinity column has 
facilitated identification of TRX target proteins 
(Balmer et al., 2003). This method has also been 
applied to studies of cyanobacteria (Lindahl and 
Florencio, 2003), in which disruption of the trxA 
gene is lethal under both photoautrophic and het-
erotrophic growth conditions (Navarro and Floren-
cio, 1996). TRXa of Synechocystis sp. PCC6803 
was found to interact with enzymes involved in 
various metabolic processes, while similar studies 
with vascular plants identified different proc-
esses; in cyanobacteria both ATP sulfurylase 
and ferredoxin-dependent sulfite reductase were 
found to interact with TRXa. In contrast, application 
of the same methods to C. reinhardtii identified 
targets that were similar to those identified in 
vascular plants, but also revealed the Ran protein 
as a TRX target (Lemaire et al., 2004). the RAN 
protein is a small GTPase involved in the biogenesis 
of the nucleus and cell cycle control.

In addition to TRX, the superfamily of TRX pro-
teins includes glutaredoxin (GRX), protein disulfide 
isomerase (PDI), glutathione S-transferase (GST) 
and GSH peroxidase. These proteins all have the 
TRX motif and are involved in regulating cell proc-
esses in response to cellur redox conditions. There 
are three and six GRX family genes on the Syne-
chocystis sp. PCC6803 and C. reinhardtii genomes, 
respectively, while the A. thaliana genome encodes 
30 GRX polypeptides (Lemaire, 2004; Lemaire 
and Miginiac-Maslow, 2004). Like TRX, GRX 
also appears to be present in all subcellular com-
partments, although the full scope of its activities 
is not known. The reduction of GRX by GSH can 
trigger glutathionylation of target proteins, which 
in turn may alter their activities (see below).

PDIs, proteins unique to eukaryotes, catalyze 
the reduction–oxidation or isomerization of pro-
tein disulfides in the endoplasmic reticulum (ER), 
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as mostly studied in mammian cells (Buchanan 
and Balmer, 2005; Ferrari and Soling, 1999; 
Jordan and Gibbins, 2006; Wilkinson and Gil-
bert, 2004). The C. reinhardtii RB60 protein is a 
unique PDI that functions in plastids (Trebitsh et 
al., 2001) to regulate translation of the psbA tran-
script, which encodes the PS II reaction center 
protein D1 (Danon and Mayfield, 1991). This 
protein may also localize and function in the 
ER, which is suggested by the finding that the 
polypeptide has both a signal sequence and an 
ER retention sequence, which has been further 
substantiated by experimentation (Levitan et al., 
2005). RB60, which contains two TRX domains 
(Kim and Mayfield, 2002), regulates disulfide 
bond formation in the RNA binding domains 
of RB47 in response to redox conditions, which 
are probably reported by PS I-dependent reduc-
tion of the ferredoxin-TRX system (Trebitsh et 
al., 2000; Trebitsh et al., 2001) or ADP-depend-
ent phosphorylation in the dark (Danon and 
Mayfield, 1994a; Danon and Mayfield, 1994b). 
Reduction of the RB47 disulfide bond changes 
the binding of RB47 to the 5′UTR of the psbA 
mRNA (Fong et al., 2000; Kim and Mayfield, 
1997), providing a light-dependent switch for the 
translation of psbA mRNA (elevated light levels 
promote translation).

D. Glutathione/Phytochelatin

GSH (γ-Glu-Cys-Gly), which is extremely sensi-
tive to the oxidative state of the cell (Meyer and 
Hell, 2005), may represent a family of function-
ally distinct peptides. It is known to accumulate 
to relatively high concentrations (mM range) in 
the cytoplasm of many photosynthetic cells, and 
may function as a non-protein, storage form of 
reduced S. Glutathione S-transferases (GSTs) 
catalyze the conjugation of GSH to target mol-
ecules, either xenobiotics or endogenous 
molecules, promoting deposition of these mol-
ecules in the vacuole (or in animals, it can 
cause expulsion of the molecule from the cell) 
(Marrs, 1996). GSH is known to serve as an 
electron donor in SO

4

2− assimilation (two elec-
tron reduction of APS to generate SO

3

2−) and in 
the ROS scavenging system, which is depend-
ent upon reduced ascorbate (Noctor and Foyer, 
1998). It also serves as a redox buffer, stabilizing 
redox homeostasis, based on its interconversion 

between the reduced GSH and oxidized GSSG 
forms. Changes in the redox state of the cell can 
also elicit oxidation/reduction of thiol groups 
of the cysteine residues of proteins, which can 
lead to conformation changes in those proteins 
that alter their activity. Hence, GSH can serve 
as a redox sensor that modulates protein activity 
through redox buffering or by directly promoting 
the reduction of cysteine thiols.

One example of a critical and novel GSH/GSSG 
controlled process in photosynthetic organisms 
concerns the arrest of chloroplast translation, dis-
covered for the large subunit (LSU) of Rubisco 
in C. reinhardtii, during exposure of the cells to 
high light conditions. Decreased LSU synthesis 
was observed within a few minutes of shifting 
low-light acclimated cells to high light (Shapira 
et al., 1997). Photo-oxidative stress through the 
generation of ROS and a resulting higher ratio of 
GSSG to GSH in the chloroplast was found to be 
the cause of the transient translation arrest (Irihimov-
itch and Shapira, 2000). Structural changes result-
ing from the interactions between LSU and GSH 
cause exposure of an RNA recognition motif at the 
amino-terminus of LSU; this motif is buried in the 
holoenzyme (or not accessible to RNA in the LSU 
homodimer) under low light condition. The LSU 
surface-exposed amino-terminal region, which 
shows homology to an RNA binding domain, 
binds to the 5′UTR of LSU mRNA to induce trans-
lational stalling (Cohen et al., 2005; Cohen et al., 
2006; Yosef et al., 2004). Recently it was shown 
that this mechanism is conserved in LSU in a 
range of photosynthetic organisms from the purple 
bacteria to land plants (Cohen et al., 2006).

As many soils and bodies of water are contam-
inated with heavy metals such as cadmium (Cd) 
and lead (Pb), the rapid development of systems 
for bioremediation has become imperative. Plants 
and yeast are known to enhance synthesis of GSH 
and its derivative phytochelatin (PC) in response 
to elevated heavy metal levels; these molecules 
help detoxify the heavy metals through chelation 
followed by sequestration or expulsion (Gekeler 
et al., 1988; Howe and Merchant, 1992). Rela-
tionships between resistance to heavy metals, 
mainly Cd, and the accumulation of GSH/PC has 
been studied in several fresh water alga including 
Chlorella (El-Naggar and El-Sheekh, 1998; Kaplan et 
al., 1995), Euglena gracilis (Aviles et al., 2005; 
Watanabe and Suzuki, 2004), Scenedesmus 
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vacuolatus and S. acutus (Le Faucheur et al., 
2005; Torricelli et al., 2004), the marine algae 
D. tertiolecta (Tsuji et al., 2003) and Tetraselmis 
suecica (Perez-Rama et al., 2006), the marine 
macroalgae Enteromorpha prolifera and E. linza 
(Malea et al., 2006), the marine diatoms Ditylum 
brightwellii and T. pseudonana (Rijstenbil et al., 
1994) and the model alga C. reinhardtii (Nagel 
et al., 1996; Nagel and Voigt, 1995).

The toxic heavy metal, Cd, has been closely 
associated with studies of PCs; this metal has 
been shown to accumulate in chloroplasts of C. 
reinhardtii (Nagel et al., 1996; Nagel and Voigt, 
1995), and to inhibit photosynthesis (Faller et al., 
2005). GSH and PC were found to be chelators of 
Cd in C. reinhardtii (Hu et al., 2001). The initial 
response of the diatom Phaeodactylum tricornu-
tum to Cd exposure was to induce the synthesis of 
PC (Morelli and Scarano, 2001) and to generate 
Cd-GSH complexes; the Cd in these complexes 
was transferred from GSH to PC to form stable, 
high molecular mass Cd-PC complexes (Morelli 
et al., 2002). Strong heavy metal tolerance was 
observed for Chlamydomonas acidophila. Inter-
estingly, the levels of PC in the cells did not cor-
relate with the level of Cd accumulation, while 
the levels of GSH and γ-ECS activity appeared 
more important to both accumulation and resist-
ance to Cd. Furthermore, a C. acidophila strain 
that died following exposure to Cd exhibited 
starch granule accumulation and disruption of 
cellular membranes; the more resistant C. aci-
dophila strain accumulated little starch (with lit-
tle observed disruption of cellular membranes) 
(Nishikawa et al., 2006). Hence, mechanisms that 
control photosynthetic activity, the sensitivity of 
photosynthesis to heavy metals, and the structure 
of the photosynthetic machinery are probably all 
critical for heavy metal tolerance.

In the marine green alga D. tertiolecta, more 
pronounced synthesis of PC was elicited by Zn 
than by Cd, which contrasts with results from 
vascular plants in which Cd elicits a stronger 
response than Zn. This response was a conse-
quence of Zn-triggered induction of γ-ECS and 
GS, but not of PCS (Tsuji et al., 2003). Further-
more, a higher GSH/GSSG ratio in C. reinhardtii 
cells was achieved by decreasing levels of free 
radicals through the introduction of the gene for 
∆(1)-pyrroline-5-carboxylate synthetase (stimu-
lates proline synthesis); the resulting Cd toler-

ance was through enhanced Cd chelation by 
PC (Siripornadulsil et al., 2002). These results 
suggest that the mechanism for Cd torelance 
depends on increased synthesis and accumula-
tion of GSH rather than PC, even though PC 
would still be required for detoxification. Fur-
thermore, it was recently shown that Cd treat-
ment of C. reinhardtii cells enabled them to 
better cope with arsenate toxicity (Kobayashi et 
al., 2006), probably because of elevated GSH/
PC accumulation resulting from increased SO

4

2− 
uptake and cysteine synthase activity that led to 
a 7.5% increase in the S content of cells and an 
enhanced supply of glutamate, which is essential 
for PC synthesis (Domínguez et al., 2003).

Glutathionylation of proteins, mostly stud-
ied in mammalian cells, controls the activi-
ties of a number of specific target proteins. The 
reaction involves the formation of a disulfide 
bond between GSH and the cysteinyl thiol 
group in proteins. Over the last three years tar-
gets for glutathionylation have been identified 
in A thaliana (Ito et al., 2003) as well as C. 
reinhardtii (Michelet et al., 2005). TRX had 
been known to be a target of glutathionylation 
in humans (Casagrande et al., 2002). Recently, 
TRXfs, isoforms of TRX that function in chloro-
plasts, were shown to undergo glutathionylation, 
which in turn prevents reduction of ferredoxin-
TRX reductase and the subsequent activation 
of TRXf target proteins (Michelet et al., 2005). 
These findings demonstrate crosstalk between 
two redox systems.

Glutathione peroxidase (GPX), an enzyme 
critical for alleviating detrimental effects of oxi-
dative stress, and especially the peroxidation of 
lipids, catalyzes the oxidation of GSH to GSSG 
coupled to the reduction of hydrogen peroxide to 
water. Steroid and lipid hydroperoxides can also 
act as substrates for the enzyme. Synechocystis sp. 
PCC6803 posseses GPXs (Gpx-1, Gpx-2) which 
use NADPH and not glutathione as the electron 
donor, and unsaturated fatty acid hydroperoxides 
and alkyl hydroperoxides as preferred electron 
acceptors (Gaber et al., 2001). Accumulation of 
the Gpx-1 and Gpx-2 transcripts and polypeptides 
occurs in response to oxidative or salt stress, and 
the disruption of each gene results in elevated 
accumulation of lipid hydroperoxide and a 
decrease in O

2
 evolution, suggesting that these 

GPX proteins help protect membrane integrity 
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and the stability of the photosynthetic apparatus 
when the cells are experiencing oxidative stresses 
(Gaber et al., 2004).

The C. reinhardtii genome encodes at least 
six GPX polypeptides, some of which contain 
selenocysteine in their catalytic site (see below). 
GPX activity was only elevated in cells grown in 
medium containing selenium, and the rise in this 
GPX activity correlated with a loss of ascorbic 
acid peroxidase activity (Yokota et al., 1988). 
The GPXH gene (AF014927) of C. reinhardtii 
has been shown to be transcriptionally-activated 
in cells exposed to singlet oxygen (Leisinger 
et al., 2001); transcripts from this gene also accu-
mulate in cells exposed to S-deprivation (Zhang 
et al., 2004). Furthermore, GPX was identified as 
a gene involved in halotolerance in the marine 
green algae C. reinhardtii W80 (a halotolerant 
strain). This GPX does not contain selenocysteine 
and could use fatty acid hydroperoxides, but not 
H

2
O

2
 or phospholipid hydroperoxide, as substrates 

(Takeda et al., 2003). Introduction of the GPX 
gene of C. reinhardtii W80 into either the nuclear 
or chloroplast genomes of tobacco resulted in 
transgenic plants with increased tolerance to con-
ditions that would cause oxidative stress. The 
membrane structure in these transgenic plants is 
probably stabilized since, upon chilling or expo-
sure to elevated salt conditions, these transgenic 
lines exhibited reduced lipid hydroperoxidation 
and elevated photosynthetic capacity relative to 
nontransgenic lines (Yoshimura et al., 2004).

E. DMSP and DMS

Marine algae accumulate concentrations of 
DMSP, probably in the cytoplasm of the cell, that 
range from 1 to 460 mM (Reed, 1983). DMSP was 
demonstrated to accumulate in chloroplast of the 
plant Wollastonia biflora (Trossat et al., 1998). 
The functions of DMSP have not been clearly 
established, although it, as well as its breakdown 
products, probably participates in a variety of 
processes. Levels and patterns of intracellular 
DMSP accumulation over the life cycle of algae 
can be very different in different species (Matrai 
and Keller, 1994), suggesting potential differ-
ences in the role of DMSP among algal species. 
DMSP accumulates in polar algae, where it has 
been proposed to serve as a cryoprotectant (Kirst 
et al., 1991). It has been suggested that DMSP 

has osmoprotectant activity (Dickson and Kirst, 
1987) and can replace the N-containing osmolyte 
glycine betaine in N-limited marine environments 
(Stefels, 2000). This hypothesis is supported 
by the finding that supplementation of growth 
media with DMSP rescued the high osmotic pres-
sure-resistant growth of an E. coli mutant with 
increased sensitivity to osmotic conditions (Sum-
mers et al., 1998), and also by reports demonstrating 
a negative correlation between available N levels 
and DMSP accumulation in various marine algae 
(Keller et al., 1999). In laboratory experiments, 
DMSP was found to function as an antioxidant, 
scavenging harmful hydroxyl radicals generated as 
a consequence of photsynthetic electron transport 
(Sunda et al., 2002). Furthermore, DMSP accu-
mulation in five different antarctic green algae 
was positively correlated with both daylength and 
light intensity (Karsten et al., 1990), and its accu-
mulation in T. pseudonana and E. huxleyi (cocco-
lithophore) was enhanced when these organisms 
experienced CO

2
 or Fe deprivation (Sunda et al., 

2002). The actual data for seasonal changes of 
DMS emission from the oceans (Dacey et al., 
1998; Simo and Pedros-Alio, 1999) also supports 
the idea that DMSP functions as an antioxidant. 
The breakdown products of DMSP, including acr-
ylate, DMS, DMSO (oxidized form DMS), and 
methane sulfuric acid (MSA) were found to effi-
ciently scavenge hydroxyl radicals (as efficient as 
GSH) (Sunda et al., 2002). DMS may also have 
a protective role; it is an uncharged molecule 
that can readily penetrate cellular membranes 
and may be responsible for protecting membrane 
complexes/proteins from the potential damaging 
consequences of oxidative reactions.

Acrylate has been proposed to have antimicro-
bial activity (Groene, 1995; Sieburth, 1960; Stefels, 
2000). Enzymatic cleavage of secreted DMSP into 
DMS and acrylate by algal DMSP lyase occurs 
mostly when the enzyme and substrate leak from 
the cell due to cell breakage. This finding has 
raised the possibility that DMSP and DMSP lyase 
in marine algae may function as part of a grazing-
activated defence system (Wolfe et al., 1997).

F. S-Containing Cofactors

Two very important S-containing cofactors are 
thiamine, which is required for the activity of 
various enzymes including pyruvate dehydrogenase, 
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α-ketoglutarate dehydrogenase and transketolase, 
and S-adenosylmethionine, which is the methyl 
donor for numerous methylation reactions.

IV. Selenocysteine Metabolism

Selenium (Se) has properties that are similar to 
that of S, both in the forms in which it exists and 
in its molecular interactions; like S, Se can have 
oxidation states of + 6, + 4 and −2. While Se is 
considered an essential trace element in animals, 
excess accumulation of Se and Se compounds (e.g. 
H

2
Se) can be highly toxic. The biological activities 

of Se are also similar to that of S. Selenate and 
selenite can be imported into cells via SO

4

2− trans-
porters and incorporated into organic molecules 
by enzymes of the SO

4

2− assimilation pathway; 
selenocysteine, which can be incorporated into 
protein, is a major end product of Se assimilation 
(Lauchli, 1993). Both free Se and Se incorporated 
into proteins can be toxic to vascular plants at rel-
atively low levels. Some plants exhibit high Se 
tolerance and have the capacity for hyeraccumu-
lation of Se. A key enzyme involved in Se tol-
erance and hyperaccumulation is selenocysteine 
methyltransferase (SMT) (LeDuc et al., 2004; 
Lyi et al., 2005). SMT converts selenocysteine to 
methylselenocysteine, and the latter molecule is 
probably less toxic than the former since it can-
not be incorporated into proteins. Furthermore, 
methylselenocysteine is a substrate for reactions 
that produce volatile seleno-compound. The 
accumulation of methylselenocysteine in Allium 
and Brassica may be beneficial to the human diet 
since this compound has anticarcinogenic activity 
(Dashwood, 1998).

Se-containing proteins have been identified in 
bacteria, archaea and eukaryotes (Gladyshev and 
Kryukov, 2001), although there are some inter-
esting divergences in selenoprotein distribution 
in eukaryote lineages. Some eukaryotic genomes, 
such as those of A. thaliana and S. cerevisiae, lack 
genes encoding selenoprotein, while a number of 
selenoproteins are encoded on the genomes of 
animals and lower eukaryotes, including C. rein-
hardtii. Phylogenetic analyses of selenoproteins 
suggest that they evolved before the separation 
of the animal and plant kingdoms, but were lost 
in some lineages, including those that developed 
into vascular plants (Novoselov et al., 2002). Ten 
selenoproteins have been identified in C. rein-

hardtii (Novoselov et al., 2002), many of which 
have animal homologs. At least four of these 
selenoproteins, a TRX reductase, two GPXs 
and a methionine S-sulfoxide reductase, have 
antioxidant function. The C. reinhardtii thiore-
doxin reductase, designated TR1 (AAN32903), 
is probably located in the cytosol and has a 
selenocysteine-containing active site in its carboxy-
terminal flexible tail (this has been observed in 
homologs from other organisms). Maintaining a 
selenocysteine active site may confer a broader pH 
optimim and substrate specificity to the enzyme 
than is characteristic of cysteine-type thioredoxin 
reductases (Gromer et al., 2003). A selenocysteine 
is also part of the catalytic site of GPX; the enzyme 
with a selenocyteine-based active site, typical of 
animal GPX, has a much higher activity than the 
enzyme that has cysteine-based active site, typi-
cal of plant GPX (Beeor-Tzahar et al., 1995). The 
C. reinhardtii genome appears to contain at least 
five genes encoding GPX, two of which contain 
selenocysteine, PHGPx1 (AY051144) (Fu et al., 
2002) and PHGPx1 (EST clone P83564); in the 
other GPX proteins the selenocysteine has been 
replaced by cysteine. However, the development 
of resistance to oxidative stress in C. reinhardtii 
was not observed to be dependent upon Se, possi-
bly because this alga has four cysteine-type GPX 
polypeptides (Novoselov et al., 2002).

V. Adaptation and Acclimation 
to S Deficiency

Freshwater and terrestrial habitats can be limiting 
for S (lake sediment may have a SO

4

2− concentra-
tion of 200 µM), while S is generally abundant 
in oceans (~28 mM). Furthermore, there is little 
storage of S in most organisms and, unlike the 
situation for plants, unicellular algae cannot cope 
with S deprivation by redistributing S between 
organs or tissues. However, algae have developed 
diverse mechanisms for optimizing S utilization 
and for tuning cellular metabolism to S avail-
ability; these processes help alga sustain viability 
even when nutrients may be severely limiting. 
A number of algal and cyanobacterial cells have 
been shown to be very sensitive to S levels in 
the environment, exhibiting rapid acclimation 
responses that can be observed at the levels of 
pigmentation (Collier and Grossman, 1992), cell 
wall ultrastructure (Jensen and Rachlin, 1984), 
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the production of specific enzymes (de Hostos 
et al., 1988; Quisel et al., 1996), and changes 
in transport characteristics (Yildiz et al., 1994), 
metabolic profiles (Bolling and Fiehn, 2005) and 
metabolic activities (Wykoff et al., 1998).

Algae, and especially single-celled algae, offer 
a number of advantages as subjects for studies of 
nutrient deprivation. These organisms can often 
be grown on defined medium, and transferred 
to medium with a different nutrient composition 
within minutes. Cultures of single-celled algae 
can be synchronized and rapidly assayed for bio-
logical activities. They do not have the complexity 
of macrophytic organisms, which are composed 
of different cell, tissue and organ types, with the 
potential to redistribute metabolites among the 
various organs. Furthermore, genetic studies using 
algae such as C. reinhardtii have demonstrated 
the ease with which mutant strains abberant for 
their responses to nutrient deprivation can be iso-
lated and analyzed. Several C. reinhardtii mutants 
that do not properly acclimate to S-deprivation 
have already been identified, and characteriza-
tions of these mutants have facilitated identifi-
cation of novel regulatory genes. This section 
describes the adaptations of algae to the S envi-
ronment, and the ways in which they can accli-
mate when S levels decline.

A. Cell Growth and Division

D. salina grown under limiting S conditions 
appears to have a smaller volume, by a factor of 
–2.4, than cells maintained on S-replete medium 
(Giordano et al., 2000). In contrast, C. reinhardtii 
cells stop dividing soon after exposure to S dep-
rivation but increase in size (the cells fill with 
starch) (Zhang et al., 2002). The cells remain 
viable in this ‘low metabolic state’ for as long as 
two weeks (Grossman, unpublished).

B. Changes Extracellular Proteins

Profiles of C. reinhardtii extracellular polypep-
tides change dramatically upon either S or P 
starvation (de Hostos et al., 1989; Takahashi 
et al., 2001); some polypeptides disappear while 
others accumulate. Two prominent Extra-Cel-
lular Polypeptides, ECP76 (76 kDa; AF359251) 
and ECP88 (88 kDa; AF359252) are synthesized 
specifically during S starvation (Takahashi et al., 
2001). The genes encoding ECP76 and ECP88 are 

regulated at the level of transcription; they appear 
to be rapidly activated when S is eliminated from 
the growth medium. Furthermore, the ECP76 
and ECP88 mRNAs are rapidly degraded once 
S-deprived cells are administered adequate lev-
els of SO

4

2− (the half-lives of these mRNAs under 
both S-replete and S-deprivation conditions was 
< 10 min). The ECP76 and ECP88 polypeptides 
are 39% identical and have features of cell wall 
proteins, but contain zero and one S-containing 
amino acid (in the mature protein), respectively. 
These results suggest that highly regulated proc-
esses tailors the protein-rich cell wall of C. rein-
hardtii for S deprivation, recycling S in cell wall 
proteins for other cellular activities and perhaps 
also modifying the cell wall for limited expan-
sion/division. Scavenging S-amino acids from 
proteins is also a strategy used by other organisms 
including Saccharomyces cerevisiae (Baudouin-
Cornu et al., 2001) and vascular plants (soybean 
seed storage protein β-conglycinin, β-subunit) 
(Coates et al., 1985; Gayler and Sykes, 1985).

Interestingly, metabolic profiling has revealed 
that during S-deprivation, C. reinhardtii accumu-
lates more than 50 times more 4-hydroxyproline 
and five times more glycerol than unstarved cells, 
while the levels of these compounds do not change 
during Fe, P or N deprivation (Bolling and Fiehn, 
2005). The increased hydroxyproline level may 
reflect the restructuring of the cell wall.

C. Arylsulfatase and Hydrolytic Activity

The SO
4

2− anion in the soil is often complexed 
with cations as insoluble salts and may also 
tightly adhere to the surface of soil particles. 
Furthermore, a large proportion of soil SO

4

2− 
may be covalently bonded to organic mole-
cules in the form of SO

4

2− esters and sulfonates. 
C. reinhardtii, along with other soil microbes, 
has developed a number of strategies to scavenge 
SO

4

2− from both internal and external S pools as 
environmental S concentrations become limiting. 
One of the extracellular polypeptides secreted 
by C. reinhardtii in response to S starvation is 
an arylsulfatase (ARS) (de Hostos et al., 1989; 
Lien and Schreiner, 1975; Schreiner et al., 1975); 
the production of ARS is analogous to the pro-
duction of periplasmic carbonic anhydrase or 
periplasmic phosphatases when algal cells are 
starved for inorganic carbon or P, respectively. 
The predicted amino acid sequences of ARS1 
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(X52304) (de Hostos et al., 1988; de Hostos 
et al., 1989) and ARS2 (AF333184) (Davies et al., 
1992; Ravina et al., 2002) are 99% identical and 
transcripts from both genes appear to accumulate 
with similar kinetics upon exposure of cells to S-
limiting conditions (Eberhard et al., 2006; Ravina 
et al., 2002; Zhang et al., 2004). The induction 
of ARS1 is sensitive to general kinase inhibi-
tors, to some extent (Irihimovitch and Stern, 
2006), suggesting that ARS regulation involves 
a  phosphorelay (Pollock et al., 2005) (Gonzalez-
Ballester and Grossman, unpublished). The ARS1 
and ARS2 genes are arranged in tandem on the 
C. reinhardtii genome, although, based on 
sequence similarity, there are as many as 16 other 
ARS gene family members.

D. SO4
2− Transport

As in a number of other organisms (bacteria, 
fungi and vascular plants), algae develop high 
affinity and/or high capacity SO

4

2− transport 
systems that enable them to better cope with 
conditions of S starvation. The capacity for 
SO

4

2− uptake by Synechococcus sp. PCC7942 
increases 10–20-fold during the first 24 h of S-
deprivation, but there is no increase in the affin-
ity of the cell for SO

4

2−. These results suggest 
that there is no induction of a higher affinity 
SO

4

2− transporter when the cells are deprived of 
S, but that the number of active transporter mol-
ecules increases (Green and Grossman, 1988; 
Jeanjean and Broda, 1977). More recent work 
has demonstrated that the increase in SO

4

2− 
transport was a consequence of increased tran-
scription from a cluster of genes encoding a bac-
terial type SO

4

2− transporter (Laudenbach and 
Grossman, 1991). In the case of C. reinhardtii, 
Yildiz et al (Yildiz et al., 1994) showed that S 
starvation elicited changes in SO

4

2− transport 
activity; there was an increase in the V

max
 and a 

decrease in the K
m
 (increase in affinity) associ-

ated with whole cell SO
4

2− transport. We have 
recently demonstrated that the nuclear genome 
of C. reinhardtii encodes six putative SO

4

2− 
transporters, three resembling the H+/SO

4

2− 
transporters of vascular plants and three resem-
bling the Na+/SO

4

2− transporters of animals. The 
transcripts for three of the putative transporters 
accumulate to high levels during S deprivation 
(Pootakham and Grossman, unpublished).

E. SO4
2− Assimilation

In many organisms the activity of the SO
4

2−

assimilation pathway increases upon S depriva-
tion, and the abundance of many S compounds in 
cells may drop to below detectable levels (Bol-
ling and Fiehn, 2005). For example, the activity 
of ATS, which catalyzes the activation of SO

4

2− 
for subsequent assimilation, increased fourfold in 
D. salina salina when the alga were deprived of 
S (Giordano et al., 2000). This increase is partly a 
consequence of elevated transcript accumulation, 
as was previously demonstrated for C. reinhardtii 
(Ravina et al., 2002; Yildiz et al., 1996; Zhang 
et al., 2004). Both SAT1 and Cys1ACr (OASTL4) 
mRNAs accumulate in C. reinhardtii in response 
to S starvation (Zhang et al., 2004); a correspond-
ing increase in total OASTL activity was also 
demonstrated (Ravina et al., 1999). The levels of 
transcripts encoding APR and SIR also increased 
during S deprivation, although the changes appear 
to be less pronounced than those observed for 
ATS, SAT, OASTL and SQD transcripts (Zhang 
et al., 2004). Furthermore, the pattern of APR1 
transcript abundance appears different from the 
other assimilation genes in that it peaks between 2 
and 4 h following the imposition of S deprivation 
conditions, and then begins to decline. In contrast, 
there is a sustained increase in APR activity in cellu-
lar extracts derived from S-deprived cells (Ravina 
et al., 2002). These results raise the possibility that 
the level of APR1 activity may be controlled, at 
least in part, at the posttranslational level. There 
are even larger changes in levels of transcripts 
encoding SAC1-like proteins (resemble Na+/
SO

4

2− transporters), ARS and ECP76 in response 
to S limitation. There are also some temporal dis-
tinctions in the kinetics of mRNA accumulation 
for the different S-regulated genes; ECP76 and 
ECP88 mRNAs begin to accumulate at a later 
time following removal of SO

4

2− from the medium 
than transcripts for ARS and the putative SO

4

2− 
transporters (Takahashi et al., 2001; Zhang et al., 
2004). Figure 4 shows the kinetics of accumula-
tion of some transcripts during acclimation of C. 
reinhardtii to S deprivation (Zhang et al., 2004). 
Interestingly, mRNAs for ARS2, ATS1, ECP76 
and ECP88 (Takahashi et al., 2001) all have 
very short half-lives, suggesting stringent control 
of transcript levels, especially during periods in 
which the S concentrations in the environment are 
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fluctuating. Generally, the findings discussed 
above demonstrate that the responses of C. 
reinhardtii to S-deprivation involve a temporal 
program of gene activations, and that transcript 
turnover rates are also critical for rapidly elimi-
nating activities once S is introduced back into 
the environment.

F. Metabolic Changes Elicited 
by S Deprivation

Algal cells experiencing S limited growth, slow their 
anabolic processes and achieve a new ion/metabolite 
homeostasis. For example, when D. salina is starved 
for S, nitrate reductase and phosphoenolpyruvate 
carboxylase activities declined by 4- and 11-fold, 
respectively (Giordano et al., 2000). There is also 
a marked decrease in photosynthesis (Wykoff et 

al., 1998), a loss of pigmentation and a reduction 
in the levels of transcripts encoding proteins of 
the photosynthetic apparatus during both N- and 
S-deprivation (Plumley and Schmidt, 1989; Zhang 
et al., 2004).

1. Down-Regulating Photosynthesis

Nutrient deprivation often leads to a reduction 
in the pigments associated with photosynthetic func-
tion. Synechococcus sp. PCC 7942 loses most of 
its photosynthetic pigments, which include phy-
cocyanin, allophycocyanin and chlorophyll, dur-
ing N or S deprivation; this is accompanied by a 
loss of thylakoid membranes (Collier and Gross-
man, 1992; Collier and Grossman, 1994; van 
Waasbergen et al., 2002; Yamanaka et al., 1980). 
When D. salina is limited for S, the maximal 

Fig. 4. Transcript accumulation during S starvation. All of the data shown in this figure are from microarray experiments 
reported by Zhang et al (2004). The experiments were performed with total RNA from C. reinhardtii cells (strain CC425) grown 
in medium lacking S for the times indicated (x-axis; hours). Transcript abundance relative to the control (time point zero) is 
shown for selected genes related to S assimilation. The number values obtained for the SAC1-like gene A is a mixture of two 
SAC1-like genes located in tandem (e_gwW.10.232.1 and gwH.10.31.1) as well as SAC1-like gene B (gwH.11.15.1).
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photosynthetic rate and the affinity of the cell for 
CO

2
 declined to one-third of that of cells grown 

in S-replete medium (Giordano et al., 2000). In 
C. reinhardtii, S deprivation inhibits chloroplast 
protein synthesis, which in turn prevents the repair 
of PS II by blocking the turnover of damaged D1 
reaction-center polypeptides (Wykoff et al., 1998). 
The decline in PS II activity has been shown to be 
essential for survival of cells during S deficiency 
since a specific mutant (sac1, see section VI) is 
unable to inactivate PS II and dies much more 
quickly than S-starved wild-type cells (Davies 
et al., 1994). This result indicates that it is abso-
lutely critical to regulate photosynthetic activity 
during S limitation.

2. Accumulation of Starch

S-starved C. reinhardtii cells accumulate high levels 
of starch (Ball et al., 1990; Zhang et al., 2002). 
The accumulation of transcripts encoding gran-
ule-bound starch synthase I (STA2, AAL28128) 
increases rapidly, by up to sixfold, upon S dep-
rivation; this increase is less in the sac1 mutant 
(Zhang et al., 2004), suggesting that starch accu-
mulation during S deprivation may be regulated, 
at least in part, by transcript accumulation that 
is either a direct or indirect response to S depri-
vation. Starch accumulation in C. reinhardtii is 
not exclusively an S deprivation response; it has 
been observed to occur under many other condi-
tions, including during N and P starvation (Ball 
et al., 1990; Klein, 1987; Libessart et al., 1995; 
Matagne et al., 1976), following exposure to Cd 
(Aguilera and Amils, 2005; Visviki and Rachlin, 
1994), and in flagellar mutants (Hamilton et al., 
1992). A uniting feature of these results is the 
inverse correlation between the storage of chemical 
bond energy in a form of starch and energy utili-
zation for growth and/or motility.

3. H2 Production in S-Starved Cells

Because of an increased demand for energy and 
the need for society to move away from fossil 
fuel-based sources (since they have been a direct 
cause of elevated atmospheric CO

2
 levels and glo-

bal warming), several researchers have focused on 
the bio-production of H

2
, a phenomenon observed 

over one-half century ago by Gaffron and Rubin 
(Gaffron and Rubin, 1942). Recently, there has 

been considerable examination of the economic 
feasibility of building a bio-factory for the pro-
duction of H

2
 (Ghirardi et al., 2000; Melis and 

Happe, 2001; Melis and Happe, 2004; Melis et al., 
2004). Light-dependent H

2
 production involves 

the excitation of the photosystems and the trans-
fer of electrons either from H

2
O or polysaccha-

rides to ferredoxin; reduced ferredoxin is used 
by the Fe-hydrogenase to reduce protons to H

2
. 

Both hydrogenase activity and the expression of 
the hydrogenase genes (HYD) are inhibited by O

2
 

(Ghirardi et al., 2000).
C. reinhardtii has two hydrogenase genes, HYD 

(AAL23572) and HYD (AAL23573). When C. 
reinhardtii was starved for S, the level of PS II-
dependent O

2
 evolution declined, resulting in the 

development of anoxia in sealed culture vessels. 
These conditions triggered the degradation of 
starch that had accumulated during oxic growth, 
which was able to serve as a source of electrons 
for PS II-independent H

2
 production (Fouchard et 

al., 2005; Posewitz et al., 2004b). Furthermore, 
screening C. reinhardtii for strains with a reduced 
capacity for H

2
 production resulted in identi-

fication of the novel, radical S-methionine pro-
teins HYDEF (AAS92601) (fusion protein) and 
HYDG (AAS92602), both of which are essen-
tial for hydrogenase biogenesis (Posewitz et al., 
2004a). Studies directed toward defining factors 
controlling starch accumulation and utilization, 
and modulation of PS II activity as cells expe-
riencing S deprivation may provide directions 
for genetically tailoring PS II-independent and 
PS II-dependent H

2
 production. Controlling the 

activities of S acquisition and assimilation may 
also help modulate the metabolism of the cell 
for more efficient H

2
 production. For example, a 

strain of C. reinhardtii producing less SulP, gener-
ated by antisense technology (Chen et al., 2005), 
appears to be S-deprived when exposed to SO

4

2− 
levels that normally do not elicit S-deprivation 
responses; the cells have decreased O

2
 production 

as a consequence of a moderate decrease in PS II 
activity (they may not be able to rapidly repair 
damaged PS II because low levels of SO

4

2− in the 
chloroplast would lead to lower rates of cysteine/
methionine production which would retard trans-
lation). This characteristic may be leveraged in 
a multipronged approach directed toward engi-
neering high level H

2
 production (Fouchard et al., 

2005; Jo et al., 2006; Zhang and Melis, 2002). 



Chapter 13 Sulfur Metabolism in Algae 253

S-starvation conditions have been used to elicit 
H

2
 production in other photosynthetic microbes, 

including the unicellular cyanobacteria Gloeo-
capsa alpicola and Synechocystis sp. PCC6803 
(Antal and Lindblad, 2005). Finally, the production 
of starch during S-deprivation of algal cells can 
be used to drive H

2
 production in other organ-

isms. For example, algae can synthesize lactate 
from starch during fermentation and excrete the 
lactate into the medium. The excreted lactate can 
be used as an electron donor by certain photosyn-
thetic bacteria for light-dependent H

2
 production 

(Kawaguchi et al., 2001).

VI. Regulatory Mechanisms Controlling 
Responses to Sulfur Deficiency

C. reinhardtii is a haploid alga that has been 
used for numerous genetic screens. Since it is a 
unicell, molecular analyses are not complicated 
by the presence of specific cell and tissue types, 
and patterns of gene expression that might be asso-
ciated with developmental processes. Exploiting 
specific biochemical and molecular tools has led 
to the establishment of a powerful screen, based 
on the induction of extracellular ARS, to identify 
C. reinhardtii mutants with aberrant responses 
to S deficiency (Davies et al., 1994; Pollock 
et al., 2005). In this screen, the colorimetric reagent 
X-SO

4

2− is sprayed directly onto C. reinhardtii 
colonies growing under S-deprivation conditions 
to identify strains unable to synthesize the extra-
cellular ARS (Davies et al., 1994). While several 
sulfur-acclimation (sac) mutants have been iden-
tified, the sac1 mutant has been most thoroughly 
characterized so far. A scheme showing some of 
the major aspects of regulation during S depriva-
tion are shown in Fig. 5.

A. SAC1

SAC1 is a regulatory protein that is required for 
accumulation of several transcripts encoding 
proteins involved in S acquisition and assimila-
tion, and for restructuring of both the cell wall 
and photosynthetic apparatus in response to S-
deprivation conditions. Transcripts from ECP76, 
ECP88, ARS1 and ARS2, which all increase dur-
ing S deprivation, show little change in abun-
dance in sac1 mutants, suggesting that SAC1 

controls transcription of these, and many other 
genes (Ravina et al., 2002; Takahashi et al., 2001; 
Zhang et al., 2004). However, some transcripts, 
still accumulate to high levels in the sac1 mutant 
during S deprivation (Zhang et al., 2004), indicating 
that factors in addition to SAC1 control transcript 
levels during S deprivation.

Another mutant designated sac3 exhibits con-
stitutive low level ARS activity during S-replete 
growth (see below). Interestingly, ARS activity 
during S-replete growth is lower in the sac1 sac3 
double mutant than in the sac3 strain (Davies 
et al., 1999), raising the possibility that SAC1 
may also influence ARS production/activity even 
under S-replete conditions. Furthermore, even 
though APR1 mRNA does not accumulate in a 
sac1 mutant during S starvation, APR activity in 
cell extracts derived from both the mutant and 
wild-type strains increased following removal of 
S from the medium (Ravina et al., 2002). These 
results suggest that post-transcriptional processes 
participate in the control of APR1 enzymatic 
activity, and that these processes are not under the 
control of SAC1. The sac1 mutant also develops 
high affinity SO

4

2− transport in response to S-dep-
rivation, although the levels of these transporters 
may be significantly lower than in wild-type cells 
since the Vmax for SO

4

2− uptake increases to a 
level that is one-third of that of wild-type cells 
(Davies et al., 1996). Finally, the sac1 mutants 
exhibit normal responses when limited for P or N.

The inability of the sac1 strain to properly 
respond to S limitation is also reflected in a rapid 
decline in the viability of mutant cells follow-
ing exposure to S deprivation; the change in cell 
viability is sensitive to light levels and photosyn-
thetic electron transport activity. Since the sac1 
strain cannot suppress photosynthetic electron 
transport activity during S deprivation, the elec-
tron transport chain would become hyper-reduced 
(highly reduced PQ pool), which would provoke 
the generation of damaging ROS. There are SAC1 
homologs encoded on the genome of several other 
algae, and it is likely that similar regulatory mech-
anisms control SO

4

2− acquisition and assimilation 
in other photosynthetic organisms.

The SAC1 polypeptide has significant homol-
ogy to Na+/SO

4

2− type transporters (SLC13 fam-
ily proteins). TMHMM2 programs predict that 
SAC1 has 10 transmembrane domains (TMD) 
with a relatively long intracellular loop between 
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the fourth and fifth TMD (Fig. 2). This loop is 
predicted to contain two tandem TrkA_C motifs. 
The function of TrkA_C is largely unknown, 
although it has been suggested to bind to an unidentified 
ligand (Anantharaman et al., 2001). This motif 
is also present in bacterial Na+/H+ antiporters 
and animal and plant potassium channels. The 
C. reinhardtii genome has three genes encoding 
SAC1 like proteins that may be involved in SO

4

2− 
transport, as mentioned in section II.A.

Based on SAC1 structure and the phenotype 
of sac1 mutants, this transporter-like polypeptide 
may function as a sensor that responds to the level 
of extracellular SO

4

2−, analogous to the activity 
of Snf3 of Saccharomyces cerevisiae in sensing 

extracellular glucose concentrations. Based on 
this hypothesis, SAC1 is expected to be inte-
gral to cytoplasmic membranes, although there 
is still no experimental evidence that supports 
this possibility. In vascular plants, responses to 
S deprivation appear to be regulated by internal 
S conditions since the genes that respond to S 
deprivation become active when cells experience 
S limitation as a consequence of defective SO

4

2− 
transport (when cells are maintained in S-rich 
medium). Thus plants are likely to have an inter-
nal S sensor(s). No SAC1-like genes have been 
associated with sensing extracellular S conditions 
in vascular plants and, at this point, it is not clear 
whether or not there are analogous mechanisms 

?

Fig. 5. Regulation of S acclimation in C. reinhardtii. Left: Under S-replete conditions (+S), the SAC3 protein negatively regu-
lates ARS transcript accumulation. In the sac3 mutant ARS is expressed, at a low constitutive level, even when sufficient SO

4

2− 
is present in the medium (Davies et al., 1999). Some other genes (those enoding the SO

4

2− transporter) may also be negatively 
regulated by SAC3 under S-sufficient conditions (Gonzalez-Ballester and Grossman, unpublished). SAC1 appears to positively 
regulate expression of ARS, genes of the SO

4

2− assimilation pathway, and those encoding the SO
4

2− transporters; in the sac1 
mutant the accumulation of transcripts for ARS, the SO

4

2− transporters and the S assimilation enzymes are lower than in the wild-
type cells grown in S-replete medium (Yildiz et al., 1996,; Zhang, 2004; Pootakham and Grossman, unpublished). Furthermore, 
transcription of chloroplast (Cp) genes by Sig1 occurs under these (+S) conditions. It is not known if SAC2 is expressed in + 
S while SAC1 and SAC3 appear to be expressed in + S from their transcript accumulation data and mutant phenotypes. Right: 
During S-deprivation (−S), the SAC3 protein positively regulates the activity of the transporters; in the sac3 mutant there is 
little increase in SO

4

2− uptake capacity (although the affinity of the cells for SO
4

2− increases) (Davies et al., 1994; Davies et 
al., 1999). SAC3 also appears to elicit degradation of Sig1 through its kinase activity (probably by an indirect mechanism) 
and Cp gene expression is not maintained during S starvation; in the sac3 mutant, Sig1 levels remain high and there is no 
inhibition of Cp gene transcription (Irihimovitch and Stern, 2006). SAC1 positively regulates the accumulation of transcripts 
encoding ARS, SO

4

2− transporters and many of the genes encoding enzymes involved in the assimilation of SO
4

2−; in the sac1 
mutant there is little accumulation of these transcripts (Davies et al., 1994; Davies et al., 1999; Zhang et al., 2004; Yildiz 
et al., 1996). However, SAC1 is not the only factor that controls the accumulation of transcripts that increase during S deprivation 
since some genes appear to be properly regulated in the sac1 mutant. SAC1 is also involved in the down-regulation of photo-
synthetic activity. The inability of the sac1 mutant to inactivate photosynthetic electron transport leads to a high light-sensitive 
phenotype of the mutant strain (Davies et al., 1996). SAC2 positively regulates the activity of APR at the post-transcriptional 
level and also ARS expression; the sac2 mutants shows no induction of APR activity under −S conditions, although the APR1 
transcript level goes up to the same extent as in wild-type cells, while induction of ARS1 transcript accumulation is less in the 
sac2 mutant than in wild type (Davies et al., 1994; Ravina et al., 2002).
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in plants and algae for sensing and responding to 
S starvation.

B. SAC2

The sac2 mutants do not secrete active ARS fol-
lowing a shift to S-deficient conditions (Davies 
et al., 1994). Induction of transcript accumulation 
in response to S limitation is not impaired in sac2 
mutants, except for those from ARS1 and ARS2. 
However, the sac2 mutant does exhibit less APR1 
activity as the cells experience limiting S levels, 
in spite of the fact that the APR1 mRNA accu-
mulates to the same level as in wild-type cells. 
These results suggest that the function defined by 
the sac2 lesion may involve translational or post-
translational events that control protein biogen-
esis/activities. Aberrant protein biogenesis may 
in some cases feed back to regulate transcript 
abundance (e.g. possibly the case for ARS1 and 
ARS2).

C. SAC3

SAC3 is a putative type 2 SNF1-related serine-
threonine kinase (SnRK2) (Davies et al., 1999). 
The sac3 mutants accumulate low levels of ARS1 
and ARS2 transcripts under S-replete conditions 
(Ravina et al., 2002); the levels of these tran-
scripts still increase in the mutant in response to 
S limitation. These findings suggest that SAC3 
is not involved in controlling the induced gene 
expression, but may be responsible for repres-
sion of the ARS genes under S-replete conditions. 
Interestingly, SAC3 has also been found to be 
involved in repression of chloroplast transcrip-
tion through destabilizing of the plastidic tran-
scription factor Sig1 when cells are deprived of 
SO

4

2− (Irihimovitch and Stern, 2006). The phe-
notype of sac3 mutants with respect to chloro-
plast RNA and Sig1 protein accumulation upon 
S starvation can be mimicked by general kinase 
inhibitors, suggesting that the influence of SAC3 
on plastidic transcription is exerted by its kinase 
activity. There may be unidentified, linking regu-
latory elements between SAC3 phosphorylation 
and plastidic sigma factor regulation. One of the 
candidates is in a kinase gene similar to SAC3 
which was identified in a screen for mutants that 
do not synthesize extracellular ARS activity in 
response to S deprivation (Pollock et al., 2005).

D. Other Mutants

Recent work has also demonstrated that the accli-
mation of C. reinhardtii to S deprivation involves 
another serine-threonine kinase (in addition to 
SAC3), designated ARS11, and putative compo-
nents that function in secretory processes (Pollock 
et al., 2005). The ARS11 kinase is required for 
expression of all genes that have been tested (~10), 
associated with the response of cells to S starva-
tion (Gonzalez-Ballester, Pollock and Grossman, 
unpublished). A number of other mutants defective 
in their response to S deprivation have also been 
identified, but more work is required to define 
their precise role in acclimation.

VII. Interactions between Nutrient Pools

The cell integrates the use of nutrient resources, 
and changes in the status of one nutrient may 
influence the way in which the cell allocates other 
nutrients. For example, when C. reinhardtii cells 
are starved for P, there is degradation of phos-
pholipids while sulpholipid synthesis increases; 
this shift in lipid biosynthesis probably reflects 
conservation of cellular P and compensatory 
replacement of phospholipids by sulfolipids. Fur-
thermore, P deprivation leads to a 25-fold increase 
in the concentration of cysteine relative to that of 
unstarved cells (Bolling and Fiehn, 2005). This 
increase does not appear to result from enhanced 
SO

4

2− assimilation since the transcripts encod-
ing proteins associated with SO

4

2− assimilation 
do not increase (Moseley et al., 2006); it may 
simply reflect reduced cell growth and mainte-
nance of an elevated cysteine pool which could 
be marshaled for the synthesis of antioxidants 
such as the cysteine-containing tripeptide GSH. 
Interestingly, a failure to acclimate to P starva-
tion as a consequence of a lesion in the PSR1 gene 
(Wykoff et al., 1999) results in aberrant expres-
sion of genes of the SO

4

2− assimilation pathway 
(Moseley et al., 2006). Unlike wild-type cells, the 
psr1 mutant cannot activate expression of genes 
encoding phosphate (Pi) scavenging enzymes 
(alkaline phosphatase, Pi transporters) or ‘elec-
tron valve’ proteins during P deprivation (Mose-
ley et al., 2006). These results suggest that when 
normal acclimation to P deprivation cannot occur, 
the cells exhibit signs of S deprivation. This may 
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occur because the psr1 mutant cannot manage the 
P budget in the cell and ATP levels may dramati-
cally decline leading to an inability of the cells to 
take up an adequate amount of SO

4

2−, causing the 
cell to initiate S-deprivation responses. If this is 
the case, it would suggest that S-deprivation can 
be sensed from inside the cell. Alternatively, an 
inability to acclimate to P deprivation may lead to 
elevated oxidative stress and a demand for reduced 
S in order to synthesize GSH. Whether or not this 
process is controlled by SAC1 is not known at 
this point. On the other hand, S starvation appears 
to result in a relatively high intracellular P abun-
dance. S starved D. salina exhibits elevated accu-
mulation of Pi as well as nitrate and ammonium 
(Giordano et al., 2000). S-starved C. reinhardtii 
accumulates a number of phosphorylated metabo-
lite intermediates (Bolling and Fiehn, 2005), and 
decreased sulpholipid synthesis is compensated 
for by increasing the levels of phopholipids (see 
section III.A). It has been long known that S-star-
vation causes deposition of condensed Pi granules 
(polyphosphates) in cyanobacteria (Grillo and 
Gibson, 1979; Lawry and Jensen, 1979; Lawry 
and Simon, 1982), heterotrophic bacteria (Harold 
and Sylvan, 1963; Smith et al., 1954), and the 
red algae Rhodella maculate (Callow and Evans, 
1979). C. reinhardtii also synthesizes polyphos-
phate granules (Ruiz et al., 2001).

VIII. Concluding Remarks

C. reinhardtii has been developed as a model 
organism that can be analyzed using sophisti-
cated tools and technologies that strengthen 
genetic and molecular studies, including trans-
formation and RNA interference technology, 
the full sequences for the chloroplast and mito-
chondrial genomes, targeted gene disruptions of 
chloroplast genes, random insertion of marker 
genes into the nuclear genome to generate tagged 
mutant libraries, a well developed genetic map 
of the 17 linkage groups (chromosomes) that has 
been integrated with the physical map, a high 
representation of cDNA sequences and a nearly 
complete and significantly annotated full nuclear 
genome sequence (Grossman, 2005; Grossman 
et al., 2003; Gutman and Niyogi, 2004; Kathir 
et al., 2003; Lefebvre and Silflow, 1999; Shrager et al., 
2003). High density DNA microarrays (Eberhard 

et al., 2006; Ledford et al., 2004; Moseley et al., 
2006; Zhang et al., 2004) and both proteomic 
(Stauber and Hippler, 2004; Wagner et al., 2006) 
and metabolomic (Bolling and Fiehn, 2005) pro-
cedures are adding to the ways that we can explore 
biological process of C. reinhardtii. Furthermore, 
the genomes of a number of other algae, including 
Ostreococcus tauri (Derelle et al., 2006) (http://
www.iscb.org/ismb2004/posters/stromATpsb.
ugent.be_844.html), Cyanidioschyzon merolae 
(Matsuzaki et al., 2004) (http://merolae.biol.s.u-
tokyo.ac.jp/), Thallasiossira pseudonana (http://
genome.jgi-psf.org/thaps1/thaps1.home.html) 
and Phaeodactylum tricornutum (http://spider.
jgi-psf.org/sequencing/DOEprojseqplans.html), 
have all also been sequenced. This new direc-
tion in biology has added an enormous body of 
information that is helping develop new and bet-
ter ways to perform map-based cloning of genes, 
rapid identification of the disrupted sequences in 
mutant strains and genome-wide analysis of gene 
expression following changes in environmental 
conditions and in specific mutants. The exploi-
tation of these new tools is having a profound 
effect on the quality and extent of information 
that we have gathered with respect to acclimation 
responses in photosynthetic organisms and is also 
providing insights into interactions among the 
various acclimation responses, the mechanisms 
involved in these responses, and the differences and 
similarities by which the various organisms adjust 
to their dynamic environment. These new techno-
logical advances combined with the ever increas-
ing information gleaned from sequences of algal 
genomes and high coverage cDNA libraries has 
added depth and excitement to studies focused 
on dissecting the ways in which photosynthetic 
organisms sense and respond to their nutrient 
environment.
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Summary

Many of the anoxygenic phototrophic bacteria, in particular green sulfur bacteria and purple sulfur bac-
teria are actively involved in the dissimilatory sulfur cycle by oxidizing reduced sulfur compounds. An 
introduction to the current state of the systematics of anoxygenic phototrophic bacteria is given here. 
With the introduction of 16S rDNA sequences, the consideration of genetic relatedness of these bacteria 
and a great deal of chemotaxonomic properties, the systematic treatment of many of these bacteria has 
changed over the past decades. Many species and strains have been reclassified and new higher taxa were 
established that harbour the phototrophic genera.

Four major phylogenetic groups that have significant phenotypic characteristics can be distinguished: 
(1) the Heliobacteria (Heliobacteriaceae), which are Gram-positive bacteria, (2) the filamentous and 
gliding green bacteria (Chloroflexaceae), and (3) the green sulfur bacteria (Chlorobiaceae), which each 
form separate phylogenetic lines within the eubacteria, and (4) the purple sulfur and nonsulfur bacteria 
(various taxa among the Alpha-, Beta- and Gammaproteobacteria).

This chapter concentrates on the following groups of which major properties and  representative  genera 
and species are treated: The purple sulfur bacteria are Gammaproteobacteria and treated as Chroma-
tiales (Ectothiorhodospiraceae and Chromatiaceae families). The purple nonsulfur  bacteria are 
 Betaproteobacteria (Comamonadaceae of the Burkholdriales and Rhodocyclaceae of Rhodocyeclales) 
and Alphaproteobacteria ( Rhodospirillaceae, Acetobacteraceae, Rhodobacteraceae, Bradyrhizobiaceae, 
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© 2008 Springer.



270 Johannes F. Imhoff

I. Introduction

Phototrophic bacteria are found in major eubac-
terial branches. The most important common 
property of these bacteria is the possession of pho-
tosynthetic pigments, which is visible in their light 
absorption spectra, and a photosynthetic apparatus, 
which enables the performance of light-dependent 
energy transfer processes. A characteristic  unifying 
property of all of them is the performance of chlo-
rophyll-mediated energy transformation.

On the basis of fundamental physiologi-
cal differences we distinguish between (i) oxy-
genic phototrophic bacteria that use water as 
 photosynthetic electron donor and produce 
molecular oxygen (cyanobacteria), (ii) anoxy-
genic phototrophic bacteria that use reduced sub-
strates such as sulfide, hydrogen, ferrous iron and 
a number of simple organic substrates as photo-
synthetic  electron donors but do not produce 

oxygen during  photosynthesis, and (iii) aerobic 
bacteriochlorophyll-containing bacteria (“ABC-
bacteria”), which represent chemoheterotrophic 
bacteria with the potential to produce photosyn-
thetic pigment-protein complexes and to perform 
light-mediated photosynthetic electron transport. 
The cyanobacteria represent a separate major 
phylogenetic line. The anoxygenic phototrophic 
bacteria are found in four different major phy-
logenetic branches, including the filamentous 
green and gliding bacteria with Chloroflexus and 
relatives, the green sulfur bacteria with Chloro-
bium, the Heliobacteriaceae (classified among 
the Clostridiales) and the phototrophic purple 
bacteria belonging to the Alpha-, Beta- and 
Gammaproteobacteria. The “ABC-bacteria” are 
also purple bacteria, closely related to the anox-
ygenic phototrophic bacteria of the Alpha- and 
Betaproteobacteria. Characteristic differences in 
the structure and function of the photosynthetic 

Table 1. Diagnostic properties of major groups of phototrophic prokaryotes.

Chlorobiaceae Chloroflexaceae
Purple

bacteria Heliobacteria

Cyanobacteria 
(including 

prochlorophytes)

Photosynthesis anoxygenic anoxygenic anoxygenic anoxygenic oxygenic

Type of (bacterio)
chlorophyll

bchl c, d, e 
(+ bchl a)

bchl c, d
(+ bchl a)

bchl a, b bchl g chl a, chl b*

Phycobilins present − − − − +/−

Type of reaction 
center

I II II I I + II

Reduction of NAD+ 
by primary photosyn-
thetic electron acceptor

+ − − + +

Location of antenna chlorosomes chlorosomes ICM CM ICM, phycobilisomes**

Pathway of autotrophic 
CO

2
-fixation

reductive TCA 
cycle

Hydroxypropionate-
pathway

Calvin cycle − Calvin cycle

Preferred electron 
donor

H
2
S, H

2
organic compounds 
(H

2
S)

H
2
S, H

2
 organic 

compounds
organic 
compounds

H
2
O

Chemotrophic growth − − +/− − −/(+)

Abbreviations: − characteristic absent; +/− characteristic present or absent; −/(+) characteristic absent or weak activity present;

* present in prochlorophytes; ** absent in prochlorophytes; CM cytoplasmic membrane; ICM internal membranes bchl bacteriochlorophyll, 

chl chlorophyll

Hyphomicrobiaceae, Rhodobiaceae) and are closely related to non-phototrophic purely chemotrophic 
relatives and to so-called aerobic  bacteriochlorophyll-containg bacteria. The green sulfur bacteria form 
a closely related cluster of  genera united in a single family the Chlorobiaceae, which is according to its 
isolated position within the phylogenetic tree of bacteria recognised as a separate phylum, the Chlorobi. 
Because of the difficulties related to taxonomic treatment and phylogenetic groupings, a list of strains is 
given indicating old and new taxonomic names of species and genus.
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apparatus, in the pigment content, in important 
physiological properties as well as 16S rDNA 
sequence similarities distinguish these major 
branches of phototrophic bacteria (see Table 1). 
Quite remarkable is the high variation of the 
light harvesting structures and of different CO

2
-

fixation pathways among these groups.
This chapter is concerned with the anaerobic 

phototrophic bacteria that perform anoxygenic 
photosynthesis. In these bacteria photosynthesis 
depends on anoxic or oxygen-deficient condi-
tions, because synthesis of the photosynthetic 
pigments and the formation of the  photosynthetic 
apparatus are repressed by oxygen. These bac-
teria are unable to use water as an electron 
donor, but need more reduced compounds. Most 
 characteristically, sulfide and other reduced  sulfur 
compounds, but also hydrogen and a number of 
small organic molecules are used as  photosynthetic 
electron donors. Also, the growth with reduced iron 
as electron donor has been demonstrated in some 
phototrophic purple bacteria (Widdel et al., 1993; 
Ehrenreich and Widdel, 1994; Straub et al., 1999).

The anoxygenic phototrophic bacteria are 
 represented by predominantly aquatic bacteria 
that are able to grow under anoxic conditions 
by photosynthesis without oxygen production. 
The various photosynthetic pigments, which 
 function in the transformation of light into 
 chemical energy, give the cell cultures a distinct 
 coloration depending on the pigment content from 
green,  yellowish-green, brownish-green, brown, 
 brownish-red, red, pink, purple, and purple-vio-
let to even blue (carotinoidless mutants of certain 
purple bacteria containing bacteriochlorophyll 
a). In particular green sulfur bacteria and purple 
sulfur bacteria are key players in the biological 
sulfur cycle and form massive blooms under 
appropriate  conditions, when both reduced sulfur 
compounds and light are available but oxygen is 
deficient or lacking.

A. A Short Overview on the Groups 
of Anoxygenic Phototrophic Bacteria

The major groups of phototrophic bacteria (Table 1) 
are well distinguished on the basis of fundamental 
structural, molecular and physiological properties 
and characterized by sequence comparison of the 
16S rDNA molecule. A fairly complete database 
of 16S rDNA sequences is available of type strains 

and additional other strains of the Chlorobiaceae 
(Overmann and Tuschack, 1997; Alexander et al., 
2002), of purple sulfur bacteria (Imhoff and Süling, 
1996; Guyoneaud et al., 1998; Imhoff et al., 1998b) 
of filamentous green and gliding bacteria (Keppen 
et al., 2000), of Heliobacteria (Bryantseva et al., 
1999, 2000; Madigan, 2001) and of purple non-
sulfur bacteria (Hiraishi and Ueda, 1994; Hiraishi 
et al., 1995; Imhoff et al., 1998a; Kawasaki et al., 
1993). These data have revealed the phylogenetic 
relationships of the anoxygenic phototrophic bac-
teria based on the 16S rDNA sequences and are 
used to determine the phylogenetic position of new 
isolates.

The Heliobacteriaceae are anoxygenic pho-
totrophic bacteria that contain bacteriochloro-
phyll g and carotenoids. They are highly sensitive 
to oxygen and some species form heat resistant 
endospores. They are phylogenetically related 
to Gram-positive bacteria and now are classified 
among the Clostridiales. They grow photohetero-
trophically. Growth with reduced sulfur sources 
has not been observed, although often sulfide is 
oxidized to sulfur if added to growing cultures 
(Madigan, 2001).

The filamentous green and gliding bacteria 
(Chloroflexaceae) are anoxygenic phototrophic 
bacteria that contain bacteriochlorophyll c or d 
in light-harvesting complexes located in special 
light-harvesting organelles, the chlorosomes. 
They move by gliding, are tolerant to oxygen, and 
grow preferably as photoheterotrophs. Represent-
ative species of Chloroflexus and Roseiflexus are 
adapted to hot freshwater environments. Some 
representatives have the capability to oxidize 
reduced sulfur compounds.

The green sulfur bacteria (Chlorobiaceae) 
are anoxygenic phototrophic bacteria that contain 
bacteriochlorophyll c, d, or e in light-harvesting 
complexes located in special light-harvesting 
organelles, the chlorosomes. They are  obligately 
phototrophic, require strictly anoxic growth 
conditions, and have a low capacity to assimi-
late organic compounds. Depending on the pig-
ment content, a number of green-colored and 
 corresponding brown-colored strains are known 
from several species. Reduced sulfur compounds, 
in particular sulfide and sulfur, are common pho-
tosynthetic electron donors in this group of bacte-
ria. In addition, thiosulfate is used by a number of 
representatives. Species of this group have been 
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found in marine and hypersaline  environments, 
where under appropriate  conditions intensively 
colored, visible mass developments are formed.

The phototrophic purple bacteria com-
prise the purple sulfur bacteria (Chroma-
tiaceae and Ectothiorhodospiraceae) and the 
purple nonsulfur bacteria. Quite characteristic 
is their capability to grow photoautotrophi-
cally and/or photoheterotrophically. The major 
pigments are bacteriochlorophyll a or b and 
various  carotenoids of the spirilloxanthin, 
rhodopinal, spheroidene, and okenone series 
(Schmidt, 1978). The photosynthetic pigments 
and the structures of the photosynthetic appara-
tus are located within a more or less extended 
 system of internal membranes that is considered 
as originating from and being continuous with 
the cytoplasmic membrane. These intracellular 
membranes consist of small fingerlike intru-
sions, vesicles, tubules or lamellae parallel to or 
at an angle to the cytoplasmic membrane. They 
carry the photosynthetic apparatus, the reaction 
centers and light-harvesting pigment-protein 
complexes surrounding the reaction center in 
the plane of the membrane (Drews and Imhoff, 
1991). Bacteria of this group are the most prom-
inent and abundant anoxygenic phototrophic 
bacteria in aquatic environments.
– The Chromatiaceae are Gammaproteobacteria and 

grow well under photoautotrophic conditions and 

use sulfide as photosynthetic electron donor, which 

is oxidized to sulfate via intermediate  accumulation 

of elemental sulfur, microscopically visible as 

globules inside the cells. Photoheterotrophic, che-

moautotrophic, and chemoheterotrophic growth is 

possible by several species.

– The Ectothiorhodospiraceae are Gammapro-

teobacteria and can be distinguished from the 

 Chromatiaceae by deposition of elemental sulfur 

outside the cells or in the peripheral periplasmic 

part of the cells, and their preference for alkaline 

and saline growth conditions. Some species may 

also grow chemotrophically under aerobic dark 

conditions in the dark.

– The purple nonsulfur bacteria are Alpha- and Beta-

proteobacteria and preferentially grow under photo-

heterotrophic conditions, though most of them 

have the ability to grow photoautotrophically with 

hydrogen and several also with reduced sulfur com-

pounds as electron donors. Only few species are 

able to completely oxidize sulfide to sulfate.

II. Phototrophic Purple Sulfur 
Bacteria – Chromatiales

The families Chromatiaceae and Ectothiorho-
dospiraceae are classified with the Chromatiales 
(Imhoff, 2005a, b, c). The Ectothiorhodo spiraceae 
are purple sulfur bacteria that form sulfur  globules 
outside the cells, while the Chromatiaceae 
 exclusively comprise those  phototrophic sulfur 
bacteria able to deposite elemental sulfur inside 
their cells (Imhoff, 1984a), which is in agree-
ment with Molisch’s (1907) definition of the 
 Thiorhodaceae. Quite interestingly, already Pelsh 
(1937) had differentiated the “ Ectothiorhodaceae” 
from the “Endothiorhodaceae” on a family level. 
However, because of their illegitimacy, these 
family names had no standing in nomenclature. 
Historical aspects of the taxonomy of anoxygenic 
phototrophic bacteria have been discussed in 
more detail elsewhere (Imhoff, 1992, 1995, 1999, 
2001c).

The two families can also clearly be 
 distinguished by a number of chemotaxonomic
properties. Significant differences between 
 Chromatiaceae and Ectothiorhodospiraceae occur 
in quinone, lipid and fatty acid  composition (see 
Imhoff and Bias-Imhoff, 1995).  Characteristic 
glucolipids are present in Chromatiaceae 
 species, but absent from Ectothiorhodo-
spiraceae (Imhoff et al., 1982). While C-16 
fatty acids (in  particular C-16:1) are the major 
components in  Chromatiaceae, C-18 fatty 
acids (in particular C-18:1) are dominant in 
Ectothiorhodo-spiraceae, and C-16:1 is only a 
minor component in this latter group. In addition, 
the lipopolysaccharides are significantly differ-
ent in members of the two families (Weckesser 
et al., 1979, 1995). The lipid A of investigated 
 Chromatiaceae (Allochromatium vinosum, 
Thermochromatium tepidum,  Thiocystis viola-
cea, Thiocapsa roseopersicina and  Thiococcus 
 pfennigii) is characterized by a phosphate-
free backbone with D-glucosamine as the only 
amino sugar, which has terminally attached 
D-mannose and amide-bound 3-OH-C-14:0. In 
the lipid A of all tested Ectothiorhodospiraceae 
(Ectothiorhodospira vacuolata, Ect. shaposh-
nikovii, Ect. haloalkaliphila and Halorhodospira 
halophila), phosphate is present, 2,3-diamino-
2,3-dideoxy-D-glucose is the major amino sugar 
(D- glucosamine is also present), D-mannose is 
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lacking (D-galacturonic acid and D-glucuronic 
acid are present instead), and quite remarkably, 
3-OH-C-10:0 is present as an amide-bound 
fatty acid (Zahr et al., 1992; Weckesser et al., 
1995). These distinctive  properties of the lipid A 
appear to be characteristic features of the two 
families.

A. Ectothiorhodospiraceae

Ectothiorhodospiraceae (Imhoff, 1984a) represent 
a group of haloalkaliphilic purple sulfur bacteria 
that form a separate line of phylogenetic descent 
related to the Chromatiaceae. Ectothiorhodospir-
aceae are clearly separated from the  Chromatiaceae 
by sequence  similarity and signature sequences of 
their 16S rDNA (Imhoff and Süling, 1996; Imhoff 
et al., 1998b). In a phylogenetic tree based on 16S 
rDNA data both families form separate but related 
groups within the Gammaproteobacteria (Fowler 
et al., 1984; Stackebrandt et al., 1984; Woese et 
al., 1985; Imhoff and Süling, 1996).

Ectothiorhodospiraceae have been distin-
guished from the Chromatiaceae on the basis 
of both phenotypic and molecular information 
(Imhoff, 1984a). During oxidation of sulfide, 
the Ectothiorhodospiraceae deposit elemental 
sulfur outside their cells. Furthermore, they are 
 distinguished from the Chromatiaceae by lamellar 
intracellular membrane structures, by significant 
differences of the polar lipid composition (Imhoff 
et al., 1982; Imhoff and Bias-Imhoff, 1995), and 
by the dependence on saline and alkaline growth 
conditions (Imhoff, 1989). Halorhodospira halo-
phila is the most halophilic eubacterium known 
and even grows in saturated salt solutions.

On the basis of sequence similarities and by 
a number of characteristic signature sequences, 
two major phylogenetic groups were recognized 
and classified as separate genera. The extremely 
halophilic species were reassigned to the genus 
Halorhodospira, including the species Halorho-
dospira halophila, Halorhodospira halochloris 
and Halorhodospira abdelmalekii. A new  species 
of this genus, Halorhodospira neutriphila, 
which grows at neutral pH has been described 
recently (Hirschler-Rea et al., 2003). Among 
the slightly halophilic species, the classifica-
tion of strains belonging to Ectothiorhodospira 
 mobilis and Ectothiorhodospira shaposhnikovii 
was improved and a close relationship between 

Ect. shaposhnikovii and Ect. vacuolata was dem-
onstrated. Based on genetic results, Ectothiorho-
dospira marismortui has been confirmed as a 
distinct species closely related to Ect. mobilis.
Several strains which previously had been 
 tentatively identified as Ectothiorhodospira 
mobilis formed a separate cluster on the basis of 
their 16S rDNA sequences and were recognized 
as two new  species: Ectothiorhodospira haloal-
kaliphila, which includes the most alkaliphilic 
strains originating from strongly alkaline soda 
lakes and Ectothiorhodospira marina, describing 
isolates from the marine environment (Imhoff 
and Süling, 1996).

New alkaliphilic isolates from Siberian and 
Mongolian soda lakes were found to be dis-
tinct from described species of the genera 
 Ectothiorhodospira and Halorhodospira but 
more closely related to Ectothiorhodospira. 
Both are regarded as species of the new genera 
Thiorhodospira (Bryantseva et al., 1999) and 
Ectothiorhodosinus (Gorlenko et al., 2004). (In 
contradiction to these authors, the genus  gender 
should be masculine and therefore the  correct 
species designation is Ectothiorhodosinus 
 mongolicus.) In Thiorhodospira sibirica sulfur 
globules remain attached to the cells and accord-
ing to microscopic observations are located in 
the cell periphery or the periplasmic space of the 
cells (Bryantseva et al., 1999).

In addition to the phototrophic genera (Ecto-
thiorhodospira, Thiorhodospira, Halorhodospira, 
Ectothiorhodosinus), the Ectothiorhodospiraceae 
include genera of purely chemotrophic bacteria 
unable to perform anoxygenic  photosynthesis 
(Arhodomonas, Nitrococcus, Alkalispirillum).

B. Chromatiaceae

The Chromatiaceae (Bavendamm, 1924) (emended 
description Imhoff, 1984a) comprise those 
 phototrophic purple sulfur bacteria that, under 
the proper growth conditions, deposit  globules of 
elemental sulfur inside their cells (Imhoff, 1984a). 
The family represents a quite coherent group of 
species, based on  physiological properties, on the 
similarity of 16S rDNA sequences (Fowler et al., 
1984; Guyoneaud et al., 1998; Imhoff et al., 1998b) 
and on chemotaxonomic markers such as fatty 
acid and quinone composition (Imhoff and Bias-
Imhoff, 1995) and lipopolysaccharide structures 
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(Meißner et al., 1988; Weckesser et al., 1995). In 
addition to the photoautotrophic mode of growth 
with reduced sulfur compounds as most important 
photosynthetic electron donors, several species 
also are able to grow under photoheterotrophic 
conditions, some even as chemoautotrophs, and 
a few  species also can grow chemoheterotrophi-
cally (Gorlenko, 1974; Kondratieva et al., 1976; 
Kämpf and  Pfennig, 1980). All of them oxidize 
sulfide and elemental sulfur, and some also oxi-
dize  thiosulfate and sulfite (Trüper, 1981). Sulfide 
is oxidized to sulfate as the final oxidation prod-
uct. During growth of Chromatiaceae on sulfide 
and thiosulfate, sulfur appears in the form of glob-
ules inside the bacterial cells. During oxidation of 
 thiosulfate, the sulfur of these globules is entirely 
derived from the sulfane group of thiosulfate 
(Smith, 1965; Trüper and Pfennig, 1966). The 
sulfur in the globules exists in a metastable state 
and is not true elemental sulfur. It mainly consists 
of long sulfur chains very probably terminated 
by organic residues (mono-/bis-organyl polysul-
fanes) in purple and also in green sulfur bacteria. 
Most probably, the organic residue at the end of 
the sulfur chains in the sulfur  globules is glutath-
ione or very similar to glutathione (Prange et al., 
2002). For a detailed discussion of this topic see 
the chapters Dahl (chapter 15) and Prange et al. 
(chapter 23). The sulfur globules are surrounded 
by a protein monolayer consisting of three differ-
ent proteins in  Allochromatium vinosum and two 
proteins in Thiocapsa roseopersicina (Brune, 
1995). Evidence is  presented, that these sulfur 
globule proteins contain amino-terminal signal 
peptides pointing to an extracytoplasmic locali-
zation of the sulfur globules (Pattaragulwanit 
et al., 1998).

During aerobic dark growth, elemental sulfur 
may support respiration and serve as electron 
donor for chemolithotrophic growth (Breuker, 
1964; Kämpf and Pfennig, 1986). During anaero-
bic dark, fermentative metabolism, intracellular 
sulfur serves as an electron sink during oxidation 
of stored carbohydrates and is reduced to sulfide 
(Van Gemerden, 1968a, 1968b, 1974). Though 
growth under these conditions is very poor in 
Chromatiaceae, several species have the capa-
bility of a fermentative metabolism that at least 
allows survival in the absence of light and  oxygen 
(Van Gemerden, 1968a, 1968b; Krasilnikova 
et al., 1975, 1983; Krasilnikova, 1976).

Approaches to the phylogeny of the Chro-
matiaceae were made using full length 16S 
rDNA sequences. The first complete 16S 
rDNA sequences were obtained for Allochro-
matium vinosum (DeWeerd et al., 1990) and 
 Thermochromatium tepidum (Madigan, 1986). 
With the description of the new species and 
 genera Rhabdochromatium marinum ( Dilling 
et al., 1995), Halochromatium glycolicum (Caumette 
et al., 1997) and Thiorhodococcus minus (Guyo-
neaud et al., 1997), more 16S rDNA sequences 
became available. With the analysis of com-
plete 16S rDNA sequences from most Chroma-
tiaceae species (Guyoneaud et al., 1998; Imhoff 
et al., 1998b) the phylogenetic  relationship of 
these bacteria was analysed and the existence 
of major groups of species was established. As a 
 consequence, the reclassification of a number of 
these bacteria, based on their genetic relationship 
and supported by diagnostic phenotypic proper-
ties was proposed (Guyoneaud et al., 1998; Imhoff 
et al., 1998b). However,  morphological and a 
number of physiological properties used so far 
in the classification of these bacteria, have little 
relevance in a  genetically  oriented classifica-
tion system. Apparently, ecological aspects and 
adaptation of bacteria to specific factors of their 
habitat, like salinity, are of importance in a phylo-
genetically oriented taxonomy (see below).

The genetic relatedness determined on the basis 
of 16S rDNA nucleotide sequences revealed that 
major phylogenetic branches of the Chromatiaceae 
contain (1) truly marine and halophilic species, (2) 
species that are motile by polar flagella, do not 
contain gas vesicles, and are primarily freshwater 
species, and (3) species with ovoid to spherical 
cells, the majority of which are non-motile fresh-
water species containing gas vesicles.

The marine branch includes the genera Mari-
chromatium, Halochromatium,  Rhabdochromatium, 
Thiorhodococcus, Thiococcus, Thioflavicoccus, 
Thioalkalicoccus, Thiorhodovibrio, Thiohalocapsa 
and Isochromatium. Three genetically related 
species of this group, which are adapted to the 
lower range of salt concentrations of brackish and 
marine habitats (Thiococcus  pfennigii, Thioalka-
licoccus limnaeus and  Thioflavicoccus mobilis), 
are clearly distinct from all others by contain-
ing bacteriochlorophyll b and by the presence of 
tubular internal  membranes (Bryantseva et al., 
2000; Imhoff and Pfennig, 2001).
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The second major branch includes the gen-
era Chromatium, Allochromatium, Thermochro-
matium and Thiocystis, which are motile forms 
 without gas vesicles.

The third branch includes the genera Thio-
capsa, Thiolamprovum, Thiobaca and Lampro-
cystis and others as reclassified by Guyoneaud 
et al. (1998), namely Thiocapsa pendens ( formerly 
Amoebobacter pendens), Thiocapsa rosea, (for-
merly Amoebobacter roseus), Thiolamprovum 
 pedioformis (formerly Amoebobacter pedio-
formis) and Lamprocystis purpurea (formerly 
Amoebobacter purpureus, Imhoff, 2001b). 
 Unfortunately, Amoebobacter purpureus was 
reclassified on the basis of purely nomenclatural 
aspects but without supporting data as Pfennigia 
purpurea (see Bergey’s Manual of Systematic 
Bacteriology, Vol. 2B). Because available data 
were in disagreement with this classification, it 
had to be reclassified as a species of Lamprocystis, 
Lamprocystis purpurea (Imhoff, 2001b). (Atten-
tion also has to be given to the different strains 
assigned to this bacterium (named  Amoebobacter 
purpureus or Lamprocystis purpurea), because 
one of the strains according to its 16S rDNA 
sequence available in databases is  misclassified 
and belongs to a different species.) Lamprocystis 
roseopersicina is one of the rare cases where gas 
vesicles are formed and the cells are in addition 
motile by flagella. Thiobaca trueperi is a motile 
rod without gas vesicles (Rees et al., 2002). 
 Thiocapsa roseopersicina, one of the best known 
species of this group, does not form gas vesicles. 
So far, unpublished sequences of Thiodictyon 
species indicate their association to the group 
around Thiocapsa species.

Because 16S rDNA sequences from Thiospiril-
lum jenense, Lamprobacter modestohalophilus 
and Thiopedia rosea are presently not available, 
the phylogenetic assignment of these bacteria is 
still uncertain.

It was suggested that the salt response is one 
important taxonomic criterion in such a taxo-
nomic system of the Chromatiaceae (Imhoff 
et al., 1998b), because both the genetic relation-
ship and the salt responses distinguish major 
phylogenetic branches of the Chromatiaceae and 
single genera. Both the genetic relationship and 
the salt responses enable to distinguish between, 
e.g., the halophilic Halochromatium salexigens 
and Halochromatium glycolicum, and the marine 

Marichromatium gracile and Marichromatium 
purpuratum from each other and from freshwa-
ter species such as Thiocapsa roseopersicina and 
Allochromatium vinosum and their relatives. This 
implies a separate phylogenetic development in 
the marine and in the freshwater environment and 
points to the general importance of salt responses 
and possibly other ecological parameters defin-
ing ecological niches for species formation and 
evolution (Imhoff, 2001a).

III. Phototrophic Purple 
Nonsulfur Bacteria

Purple nonsulfur bacteria are affiliated with the 
Alphaproteobacteria and the Betaproteobacteria. 
The analysis of 16S rDNA sequences revealed a 
close relationship of these phototrophic bacteria to 
purely chemotrophic bacteria in numerous cases 
(e.g. Gibson et al., 1979; Woese et al., 1984a, b; 
Woese, 1987; Kawasaki et al., 1993; Hiraishi and 
Ueda, 1994). In addition, a great number of so 
called “aerobic bacteriochlorophyll-containing 
bacteria or ABC-bacteria” (not treated here) is 
associated with these groups.

Bacteria of the phototrophic purple nonsulfur 
bacteria are able to perform anoxygenic photo-
synthesis with bacteriochlorophylls and carote-
noids as photosynthetic pigments. None of the 
described species contains gas vesicles. Inter-
nal photosynthetic membranes are continuous 
with the cytoplasmic membrane and consist of 
 vesicles, lamellae, or membrane stacks. Color of 
cell suspensions is green, beige, brown, brown-
red, red or pink.

This is in strict contrast to the “ABC-bacteria”. 
The “aerobic bacteriochlorophyll-containing Alp-
haproteobacteria” such as Erythrobacter longus 
and others exhibit physiological properties and 
occupy ecological niches clearly distinct from the 
phototrophic purple nonsulfur bacteria, because 
oxygen does not repress synthesis of photosyn-
thetic pigments in these bacteria. Furthermore, 
these bacteria are strictly aerobic bacteria.

The purple nonsulfur bacteria (Rhodospiril-
laceae, Pfennig and Trüper, 1971) represent by 
far the most diverse group of the phototrophic 
purple bacteria (Imhoff and Trüper, 1989). The 
high diversity of these bacteria is reflected in the 
organization of the internal membrane systems, 
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16S rDNA sequence similarities, carotenoid 
composition, utilization of carbon sources and 
electron donors. Furthermore, this high diver-
sity is well documented by a number of chemo-
taxonomic observations, such as cytochrome c

2
 

amino acid sequences, lipid, quinone and fatty 
acid  composition, as well as lipid A structures 
(Ambler et al., 1979; Weckesser et al., 1979, 
1995;  Dickerson, 1980; Hiraishi et al., 1984; 
Imhoff, 1984b, 1991, 1995; Imhoff et al., 1984; 
Imhoff and Bias-Imhoff, 1995). As a conse-
quence, it is not  appropriate to assign new species 
to the genera only on the basis of physiological 
and morphological properties. Chemotaxonomic 
characteristics and sequence information also 
have to be taken into consideration. In addition, 
environmental aspects and ecological  distribution 
should be considered. An outline on recommen-
dations on the description of new species of 
 anoxygenic phototrophic bacteria is given by 
Imhoff and Caumette (2004).

It was the recognition of the close genetic rela-
tionship between phototrophic purple  bacteria 
and chemotrophic bacteria on the basis of 16S 
rRNA oligonucleotide catalogues and 16S rDNA 
sequences, respectively, which led C.R. Woese to 
call the Proteobacteria the Purple Bacteria and their 
relatives and to discuss the role of phototrophic 
purple nonsulfur bacteria as ancestors of numer-
ous chemotrophic representatives of these Pro-
teobacteria groups (Woese et al., 1984a, b; Woese 
et al., 1985; Woese, 1987). With the recognition 
of their genetic relationships and with the support 
from chemotaxonomic data and ecophysiological 
properties, purple nonsulfur bacteria of the Alp-
haproteobacteria and  Betaproteobacteria were 
taxonomically separated and rearranged accord-
ing to the proposed phylogeny. Despite the fact 
that many of the phototrophic purple  nonsulfur 
bacteria are closely related to strictly chemo-
trophic relatives, the phototrophic capability and 
the content of photosynthetic pigments is included 
in the genus definitions of these bacteria.

Members of this group are widely distributed in 
nature and have been found in freshwater, marine 
and hypersaline environments that are exposed to 
the light. They live preferably in aquatic habitats 
with significant amounts of soluble organic  matter, 
low oxygen tension and moderate temperatures, 
but also in thermal springs and alkaline soda 
lakes. They rarely form colored blooms, which 

are characteristically formed by representatives 
of purple sulfur bacteria and phototrophic green 
sulfur bacteria. The preferred mode of growth is 
photoheterotrophically under anoxic conditions 
in the light, but photoautotrophic growth with 
molecular hydrogen and sulfide may be possible, 
and most species are capable of chemotrophic 
growth under microoxic to oxic conditions in the 
dark. While some species are very sensitive to 
oxygen, others grow equally well aerobically in 
the dark.

A. Anaerobic Phototrophic 
Alphaproteobacteria

1. Phototrophic alpha-1 Proteobacteria 
(Rhodospirillales)

All genera of this group are classified with the 
Rhodospirillales, most of them with the Rhodo-
spirillaceae family. Rhodopila is classified with 
the Acetobacteraceae (Table 2). Based on 16S 
rDNA sequence the phototrophic alpha-1 Proteo-
bacteria are phylogenetically distinct from other 
groups of phototrophic Alphaproteobacteria, 
though they are closely related to several purely 
chemotrophic representatives of this group.

Most of the species of the phototrophic  alpha-1
Proteobacteria have been previously known as 
Rhodospirillum species and are of  spiral shape. 
They belong to the genera Rhodospirillum,
 Phaeospirillum, Roseospira,  Rhodocista, 
 Rhodovibrio, Rhodospira and  Roseospirillum 
(Imhoff et al., 1998a). The only non- spiral
 representative of this group is Rhodopila 
 globiformis. This acidophilic phototrophic  bacterium 
is phylogenetically closely related to acidophilic 
chemotrophic bacteria of the genera Acetobacter 
and Acidiphilium (Sievers et al., 1994). Also other 
phototrophic alpha-1-Proteobacteria are closely 
related to different chemotrophic representatives. 
Phaeospirillum species, e.g. demonstrate close 
sequence similarity to Magne-tospirillum magne-
totacticum (Burgess et al., 1993) and Rhodocista 
centenaria reveals strong relations to Azospirillum 
species (Xia et al., 1994; Fani et al., 1995). Rho-
dovibrio and Rhodothalassium are distantly related 
to the other genera and their assignment to higher 
taxa is currently not without problems (Table 2). 
 Rhodothalassium (Imhoff 2005 m) is certainly 
misclassified within the  Rhodobacteraceae.
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Several chemotaxonomic properties distin-
guish the phototrophic alpha-1 Proteobacteria 
from other phototrophic Alphaproteobacteria. 
Ubiquinones, menaquinones, and rhodoquinones 
may be present, and the length of their side chain 
may vary from 7 to 10 isoprene units. They have 
characteristic phospholipid and fatty acid compo-
sition with C-18:1 as the dominant fatty acid and 
either C-16:1 and C-16:0, C-16:0 and C-18:0, or 
just C-16:0 as additional major components.

On the basis of distinct phenotypic proper-
ties and 16S rDNA sequence similarities of 

all recognized spiral-shaped purple  nonsulfur 
 Alphaproteobacteria, a reclassification of these 
bacteria had been proposed (Imhoff et al., 
1998a). Phylogenetic relations on the basis 
of 16S rDNA sequences of these bacteria are 
in good correlation with differences in major 
 quinone and fatty acid composition and also 
with their growth requirement for NaCl or 
sea salt. This is in accordance with different 
 phylogenetic lines forming freshwater and salt 
water representatives. Therefore, these proper-
ties were considered of importance in defining 

Table 2. Genera of anoxygenic phototrophic bacteria and their classification in higher taxaa.

Class Order Family Generab

Chloroflexi Chloroflexales Chloroflexaceae Chloroflexus, Oscillochloris, 
Heliothrix, Chloronema, Roseiflexus

Chlorobi Chlorobiales Chlorobiaceae Chlorobium, Chlorobaculum, 
Prosthecochloris, Chloroherpeton

Clostridia Clostridiales Heliobacteriaceae Heliobacterium, Heliobacillus, 
Heliophilum, Heliorestis

Alphaproteobacteria Rhodospirillales Rhodospirillaceae Rhodospirillum
Phaeospirillum, Rhodocista, 
Roseospira, Roseospirillum, Rhodospira
Rhodovibrioc, Rhodothalassiumc

Acetobacteraceae Rhodopila
Rhodobacterales Rhodobacteraceae Rhodobacter

Rhodobaca, Rhodovulum
Rhizobiales Bradyrhizobiaceae Rhodopseudomonas, Rhodoblastus

Blastochlorisc, Rhodoplanesc

Hyphomicrobiaceae Rhodomicrobium
Rhodobiaceae Rhodobium

Betaproteobacteria Burkholderiales Comamonadaceae Rhodoferax
Rubrivivaxc

Rhodocyclales Rhodocyclaceae Rhodocyclus
Gammaproteobacteria Chromatiales Chromatiaceae Chromatium, Thermochromatium, 

Allochromatium, Thiocystis
Thiocapsa, Thiolamprovum, 
Thiobaca, Lamprocystis
Marichromatium, Halichromatium, 
Rhabdochromatium, Thiococcus
Thiorhodococcus, Thioflavicoccus, 
Thioalkalicoccus, Thiorhodovibrio
Thiohalocapsa, Isochromatium
(Thiospirillum, Lamprobacter, 
Thiodictyon, Thiopedia)d

Ectothiorhodospiraceae Ectothiorhodospira
Halorhodospira, 
Ectothiorhodosinus, Thiorhodospira

a According to Bergey’s Manual on Systematic Bacteriology, 2nd edn. (2001 and 2005).
b Only anoxygenic phototrophic genera of these higher taxa are listed here.
c In the 2nd edn. of Bergey’s Manual of Systematic Bacteriology, unfortunately these genera were assigned as incertae sedis 
or even misplaced.
d These genera have no clear phylogenetic standing, because 16S rDNA sequences (and pure cultures) are not available.
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and differentiating these genera. Four of these 
genera are defined as salt-dependent and three 
as fresh water bacteria. Only Rsp. rubrum and 
Rsp. photometricum were maintained as species 
of the genus Rhodospirillum.

2. Phototrophic Alpha-2 Proteobacteria 
(Rhizobiales)

Most of the species of the phototrophic alpha-
2 Proteobacteria have been previously known 
as Rhodopseudomonas species and have rod-
shaped motile cells. They belong to the genera 
Rhodopseudomonas, Rhodobium, Rhodoplanes, 
 Rhodoblastus, Blastochloris and Rhodomicro-
bium. Based on analysis of 16S rDNA sequences, 
the phototrophic Alphaproteobacteria of the order 
Rhizobiales are well separated from other groups 
of phototrophic Alphaproteobacteria; however, 
they are closely related to several purely chemo-
trophic Alphaproteobacteria of the order Rhizobi-
ales. Rhodopseudomonas palustris, for example, 
is most closely related to Nitrobacter species.

A number of morphological and chemotaxo-
nomic properties distinguishes the  phototrophic 
alpha-2 Proteobacteria from other purple 
 nonsulfur bacteria. Most characteristic is their 
budding mode of growth and cell division 
which comes along with lamellar internal mem-
branes that are lying parallel to the cytoplasmic 
 membrane. There is variation in the presence of 
either ubiquinone alone, ubiquinone together 
with either rhodoquinone or menaquinone, or 
ubiquinone with both menaquinone and rho-
doquinone as major components. Most species 
have 10  isoprenoid units in their side chains 
(except Blastochloris species). As far as known, 
either small or large “mitochondrial type” cyto-
chrome c

2
 is present. Characteristic phospholip-

ids are present and among the fatty acids C-18:1 
is the dominant fatty acid and either C-16:1 and 
C-16:0, C-16:0 and C-18:0 or just C-16:0 are 
additional major components (see Imhoff and 
Bias-Imhoff, 1995).

Outstanding properties which distinguish Rho-
domicrobium from other alpha-2 Proteobacteria 
are the filament formation and the characteristic 
growth cycle. Other distinguishing characteristics 
are the composition of the lipid A, of polar lipids 
and fatty acids. Among the closest  phylogenetic 
relatives of Rhodomicrobium based on 16S rDNA 

sequence analysis is Hyphomicrobium vulgare 
(Kawasaki et al., 1993).

In the second edition of Bergey’s Man-
ual of Systematic Bacteriology, Rhodobium 
(Imhoff and Hiraishi, 2005) is assigned to the 
 Rhodobiaceae, Rhodomicrobium (Imhoff, 2005j) 
to the Hyphomicrobiaceae and Rhodoblastus and 
Rhodopseudomonas (Imhoff, 2005g, h) to the 
Bradyrhizobiaceae. Unfortunately and in con-
trast to the author’s opinion, Blastochloris and 
 Rhodoplanes (Imhoff, 2005i; Hiraishi and Imhoff, 
2005b) have been misplaced in this edition. Both 
should be included into the Bradyrhizobiaceae 
together with the genera Rhodoblastus and 
 Rhodopseudomonas.

3. Phototrophic Alpha-3 Proteobacteria 
(Rhodobacterales)

Phototrophic alpha-3 Proteobacteria have a 
number of characteristic chemotaxonomic prop-
erties that enable their diagnosis. All investigated 
species have a large type cytochrome c

2
 (Ambler 

et al., 1979; Dickerson, 1980) and as sole quinone 
component Q-10 (Imhoff, 1984b; Hiraishi et. al., 
1984). Those species that are able to assimilate 
sulfate use the pathway via 3′-phosphoadeno-
sine-5′-phosphosulfate (PAPS, Imhoff, 1982). 
C-18 and C-16 saturated and monounsatu-
rated fatty acids are major fatty acids, C-18:1 
the  predominant component (Imhoff, 1991). 
The lipopolysaccharides of investigated species 
 contain in their lipid A moieties glucosamine as 
sole amino sugar, have phosphate, amide-linked 
3-OH-14:0 and/or 3-oxo-14:0 and ester-linked 
3-OH-10:0 (Weckesser et al., 1995). A differen-
tiation of the genera and species of Rhodobacter, 
Rhodovulum and Rhodobaca is possible on the 
basis of 16S rDNA sequences and by DNA–DNA 
hybridization.

The phototrophic alpha-3 Proteobacteria are 
phylogenetically well separated from other groups 
of phototrophic Alphaproteobacteria, though they 
are closely related to purely chemotrophic alpha-3 
Proteobacteria. The majority belongs to the gen-
era Rhodobacter and Rhodovulum ( Pfennig and 
Trüper, 1974; Imhoff et al., 1984; Hiraishi and 
Ueda, 1994). The former are freshwater bacteria 
and the latter true marine bacteria and species of 
both genera have distinct 16S rDNA sequences 
(Hiraishi and Ueda, 1994, 1995; Hiraishi et al., 
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1996; Straub et al., 1999). The recently described 
new bacterium Rhodobaca bogoriensis is an alka-
liphilic slightly halophilic bacterium from Afri-
can soda lakes and is phylogenetically associated 
to Rhodobacter (Milford et al., 2000). All three 
genera (Imhoff, 2005d, e, f) are classified with 
the Rhodobacteraceae of the Rhodobacterales.

Characteristic properties of Rhodobacter, Rho-
dobaca and Rhodovulum species are the ovoid 
to rod-shaped cell morphology, the presence 
of vesicular internal membranes (except Rba. 
 blasticus) and the content of carotenoids of the 
spheroidene series. Most Rhodobacter species 
are distinct from Rhodovulum species by the lack 
of a substantial NaCl requirement for optimal 
growth, i.e. they show a typical response of fresh-
water bacteria. The salt requirement for optimal 
growth of Rhodovulum species on the other hand 
does not preclude that some of these bacteria also 
may grow in the absence of salt.

Species of Rhodobacter and Rhodovulum 
not only are well characterized by pheno-
typic  properties, but also are established on the 
basis of 16S rDNA sequences and DNA–DNA 
 hybridization studies. Comprehensive DNA/
DNA  hybridization studies have been performed 
both with Rhodobacter and Rhodovulum species. 
A first detailed study including 21 strains of the 
species known at that time gave support for the 
 recognition of strains of Rba. veldkampii as a 
new species and in addition revealed the diversity 
of marine isolates of this group (DeBont et al., 
1981). This study also demonstrated the  identity 
on the  species level of a denitrifying isolate of 
Rba. sphaeroides and other non-denitrifying 
strains of this species (Satoh et al., 1976; DeBont 
et al., 1981). Similarly, several marine and halo-
philic isolates were shown to be related to Rhv. 
 euryhalinum by DNA–DNA hybridization but sig-
nificantly distinct from Rhv. sulfidophilum, Rba. 
sphaeroides and Rba. capsulatus (Ivanova et al., 
1988). DNA–DNA hybridization also allowed the 
genetic distinction of 4 strains of the denitrifying 
Rba. azotoformans from Rba. sphaeroides and 
other Rhodobacter species (Hiraishi et al., 1996). 
Several strains of Rhodovulum strictum, which 
according to 16S rDNA sequence is most similar 
to Rhv. euryhalinum (96.8%), were shown to have 
low DNA–DNA homology (less than 30%) to type 
strains of all other Rhodovulum  species, including 
Rhv. euryhalinum (Hiraishi and Ueda, 1995).

B. Anaerobic Phototrophic 
Betaproteobacteria (Rhodocyclales 
& Burkholderiales)

The phototrophic Betaproteobacteria comprise 
species of three genera, Rhodocyclus, Rubri-
vivax and Rhodoferax. Based on 16S rDNA 
sequences, the phototrophic Betaproteobac-
teria represent different phylogenetic lines 
within the  Betaproteobacteria (Hiraishi, 1994). 
 Rhodocyclus (Imhoff, 2005l) is classified in the 
 family  Rhodocyclaceae of the order Rhodocycla-
les, Rhodoferax (Hiraishi and Imhoff, 2005a) is 
classified with the Comamonadaceae of the order 
Burkholderiales, and Rubrivivax (Imhoff, 2005k) 
is presently classified as genus incertae sedis.

Sequences of 16S rDNA clearly classify these 
bacteria as belonging to the Betaproteobacte-
ria (Hiraishi, 1994; Maidak et al., 1994). They 
are freshwater bacteria common in stagnant 
waters that are exposed to the light and have an 
increased load of organic compounds and nutri-
ents and are deficient in oxygen. Internal photo-
synthetic membranes are much less developed 
than in other phototrophic purple bacteria appear-
ing as small fingerlike intrusions and are not 
always evident. Growth preferably occurs under 
 photoheterotrophic conditions,  anaerobically in 
the light. All species known so far do not use 
reduced sulfur compounds as photosynthetic 
electron donor and sulfide is growth inhibitory 
already at low concentrations. Sulfate can be 
assimilated as sole sulfur source and is reduced 
with adenosine-5′-phosphosulfate (APS) as an 
intermediate (Imhoff, 1982). NADH is used as 
a cosubstrate in the GS/GOGAT reactions and 
HIPIP is present (Ambler et al., 1979).

Prior to the establishment of the phylogenetic 
relationship among the phototrophic Betapro-
teobacteria, these species had been included in 
the Rhodospirillaceae together with the pho-
totrophic Alphaproteobacteria (Pfennig and 
Trüper, 1974). Three species were known as 
Rhodopseudomonas gelatinosa, Rhodospirillum 
tenue (Pfennig and Trüper, 1974) and Rhodocy-
clus purpureus ( Pfennig, 1978). In addition to a 
clear phylogenetic separation (Hiraishi, 1994), 
both of these groups show significant differ-
ences in a number of chemotaxonomic proper-
ties. As a  consequence, Rhodospirillum tenue 
(Pfennig, 1969) was transferred to Rhodocyclus 
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tenuis (Imhoff et al., 1984). Rhodopseudomonas 
gelatinosa was transferred to Rhodocyclus gelati-
nosus (Imhoff et al., 1984) and later assigned to 
a new genus as Rubrivivax gelatinosus (Willems 
et al., 1991). Additional new bacteria have been 
isolated since then that are also members of the 
Betaproteobacteria and have been described as 
the new species and genus Rhodoferax fermentans 
( Hiraishi and Kitamura, 1984; Hiraishi et al., 1991) 
and as additional  species of this genus, Rhodoferax 
antarcticus (Madigan et al., 2000) and Rhodoferax 
ferrireducens (Finneran et al., 2003).

The phototrophic Betaproteobacteria have 
ubiquinone and menaquinone (or rhodoquinone) 
derivatives with eight isoprenoid units in the 
side chain (Q-8, RQ-8 and MK-8); they have a 
“small type” cytochrome c

551
 (in contrast to the 

phototrophic Alphaproteobacteria; Ambler et al., 
1979; Dickerson, 1980); they have characteristic 
phospholipid and fatty acid compositions with the 
highest proportions of C-16 fatty acids (16:0 and 
16:1) among all phototrophic purple bacteria and 
correspondingly very low ones of 18:1 (Hiraishi 
et al., 1991; Imhoff, 1984b; Imhoff and   Bias-
Imhoff, 1995; Imhoff and Trüper, 1989). Lipopoly-
saccharides of phototrophic Betaproteobacteria 
characteristically contain significant amounts of 
phosphate and amide-linked 3-OH-capric acid 
(3-OH-C-10) in their lipid A moiety (Weckesser 
et al., 1995). In Rfx. fermentans 3-OH-C-8:0 was 
found instead (Hiraishi et al., 1991).

IV. Phototrophic Green Sulfur 
Bacteria – Chlorobiales

The green sulfur bacteria, represented by the fam-
ily Chlorobiaceae, form a branch of  bacteria that 
is phylogenetically distinct from other main phy-
logenetic lines, and is therefore treated as a sepa-
rate phylum (the Chlorobi) in Bergey’s Manual of 
Systematic Bacteriology (Overmann, 2001). Tra-
ditionally, the taxonomic classification of these 
bacteria was based on morphological and eas-
ily recognizable phenotypic properties (Pfennig, 
1989; Pfennig and Overmann, 2001a, b). Such 
properties include cell morphology, pigment 
composition and absorption spectra, and meta-
bolic properties. However, some of these proper-
ties appear to be problematic or even  misleading 
in a phylogenetically oriented systematic system. 

In particular, (i) the formation of gas vesicles 
has been used to distinguish between genera; (ii) 
brown-colored forms have been distinguished as 
species from their green-colored counterparts, 
and are distinct in their bacteriochlorophyll and 
carotenoid composition; and (iii) subspecies 
were recognized on the basis of utilization of 
 thiosulfate as a photosynthetic electron donor. 
Although these properties are easily recognizable 
and have allowed a phenotypic differentiation, 
they are not in accord with the phylogenetic rela-
tionship of these bacteria (Figueras et al., 1997; 
Overmann and Tuschak, 1997). Therefore, in a 
systematic taxonomy of green sulfur bacteria 
based on  phylogenetic relationships, they can not 
be used for the differentiation of species.

Phylogenetic relationships of green sulfur 
bacteria were established by using 16S rRNA 
and fmo (Fenna–Matthews–Olson protein, FMO 
protein) gene sequences, including important 
 signatures of amino acid and nucleotide sequences 
( Alexander et al., 2002). Both 16S rRNA and fmo 
gene sequence information is available for most 
of the type strains. In addition, a larger number of 
16S rDNA sequences and fmo gene sequences of 
non-type strains are known (Figueras et al., 1997; 
Overmann and Tuschak, 1997; Alexander et al., 
2002). The congruent phylogenetic relationships 
found with two independent gene sequences 
provide a solid basis for the phylogeny of these 
bacteria, and for a phylogeny-based taxonomy 
(Imhoff, 2003).

The phylogenetic studies revealed almost-
identical grouping in trees constructed from 
16S rDNA and fmoA sequences. This suggests 
a largely congruent evolution of FMO and 
16S rDNA ( Alexander et al., 2002) and gives 
strong support to the 16S rDNA-based phylog-
eny of these bacteria. The assignment of strains 
into  phylogenetic groups is further supported 
by  characteristic signatures in the amino acid 
sequence of the FMO protein (Alexander et al., 
2002). The  phylogenetic grouping of the green 
sulfur bacteria is not in accord with their tradi-
tional classification. Therefore, the reclassifica-
tion of these bacteria was necessary and included 
a complete reassignment of strains and species 
(Imhoff, 2003) (Table 3). Three examples dem-
onstrate this: (i) species and strains formerly 
assigned to the genus Chlorobium were found 
in all phylogenetic groups, those of the genus 
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Pelodictyon in two of them (Table 3); (ii) prior 
to their reassignment, strains of several of the old 
species (including Chlorobium limicola, Chloro-
bium phaeobacteroides, Chlorobium vibrioforme 
and Chlorobium phaeovibrioides) appeared in at 
least two of the phylogenetic groups (Table 3); (iii) 
Chlorobium limicola subsp. thiosulfatophilum and 
Chlorobium vibrioforme subsp.  thiosulfatophilum, 
as represented by their defined type strains (again 
prior to reassignment), were different from their 
reference species at the genus level (Table 3).

The major groups of species of green  sulfur 
bacteria recognized by Alexander et al. (2002) 
were used as a basis for the definition of  genera. 
Chloroherpeton thalassium forms a clearly 
 separate phylogenetic line from all other species 
and genera of green sulfur bacteria and therefore 
was not involved in the rearrangement of strains 
and species. The type strain of the  recognized 
type species Prosthecochloris aestuarii of group 
1 (Alexander et al., 2002) formed the basis of 
assigning other species clustering with this  species 
to the genus Prosthecochloris. The groups 2 and 3 
of  Alexander et al. (2002) were not  significantly 
separated from each other and treated as a  single 
genus. The recognized type strain of Chlorobium 
limicola (included in group 3) was the basis to 
maintain Chlorobium as the genus name for 
this group with  Chlorobium  limicola as type 
 species. Group 4 was represented by a number 
of strains and species formerly assigned to the 
genus  Chlorobium, but phylogenetically distant 
from the type strain and species  Chlorobium 
 limicola and the group of bacteria that clusters 
with this species. Consequently, the bacteria 
of group 4 were assigned to a novel genus, for 
which the name Chlorobaculum was proposed 
(Imhoff, 2003) (Table 3). The type species of 
this genus is Chlorobaculum tepidum, the former 
 Chlorobium tepidum ( Wahlund et al., 1991). On 
the basis of 16S rDNA and fmoA sequences, the 
 phylogenetic groups and their representatives can 
be  recognized and distinguished in natural sam-
ples and their specific distribution in nature has 
been studied ( Alexander and Imhoff, 2006).
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Summary

Most anoxygenic phototrophic bacteria can use inorganic sulfur compounds (e.g. sulfide, elemental sulfur, 
polysulfides, thiosulfate, or sulfide) as electron donors for reductive carbon dioxide fixation during 
photolithoautotrophic growth. In these organisms, light energy is used to transfer electrons from sulfur 
compounds to the level of the more highly reducing electron carriers NAD(P)+ and ferredoxin. In this chap-
ter the sulfur oxidizing capabilities of the different groups of anoxygenic phototrophic bacteria are briefly 
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I. Introduction

Anoxygenic phototrophic bacteria are generally 
not able to use water as an electron-donating 
substrate for photosynthetic CO

2
 reduction. The 

common property of these bacteria is the ability to 
carry out light-dependent, (bacterio)chlorophyll-
mediated processes, a property shared with cyano-
bacteria, prochlorophytes, algae and green plants. 
In contrast to the latter, reduced sulfur compounds, 
molecular hydrogen, reduced iron or simple 
organic molecules typically serve as photo-
synthetic electrons in anoxygenic phototrophic 
bacteria. Bacteriochlorophylls are present not 
only in facultatively and obligately anaerobic 
anoxygenic phototrophic bacteria but also in 
large numbers of bacterial species that are strictly 
dependent on energy generation by respiratory 
electron transport processes. These organisms 
are called aerobic phototrophic bacteria (Yurkov, 
2006) or “aerobic bacteriochlorophyll-contain-
ing (ABC) bacteria (Imhoff and Hiraishi, 2005).

The utilization of reduced sulfur compounds 
as photosynthetic electron donors is – though to 

a different extent – common to almost all groups 
of phototrophic prokaryotes. Classical in this 
respect are the purple (families Chromatiaceae 
and Ectothiorhodospiraceae) and green sulfur 
bacteria (family Chlorobiaceae) all of which 
utilize reduced sulfur compounds as electron 
donors. A number of classical purple “nonsul-
fur” bacteria, some members of the filamen-
tous  anoxygenic phototrophs (also termed green 
gliding bacteria or green non-sulfur bacteria) 
of the family Chloroflexaceae, and a few repre-
sentatives of the strictly anaerobic gram-positive 
Heliobacteria are also able to oxidize reduced 
sulfur compounds during photosynthesis. Even 
certain species of the cyanobacteria can per-
form anoxygenic photosynthesis at the expense 
of sulfide as electron donor (rf Chapter Hauska/
Shahak). Photoautotrophic growth with sulfur 
compounds has so far not been described for any 
of the ABC bacteria.

One purpose of this chapter is to briefly intro-
duce researchers not specializing in bacterial 
sulfur metabolism to the sulfur-oxidizing capa-
bilities of the various groups of anoxygenic 
phototrophic bacteria. Ecology and taxonomy of 
anoxygenic phototrophic bacteria are described 
in detail in the chapters by Imhoff and Overmann. 
It should be emphasized that some older reviews 
still serve as a valuable source of information 
especially regarding sulfur oxidation patterns by 
whole cells of anoxygenic phototrophic bacteria 
(Brune, 1989; Brune, 1995b).

summarized. This chapter then focuses on the pathways of sulfur compound oxidation in purple sulfur bacteria 
of the families Chromatiaceae and Ectothiorhodospiraceae. A variety of enzymes catalyzing sulfur oxi-
dation reactions have been isolated from members of this group and Allochromatium vinosum, a representa-
tive of the Chromatiaceae, has been especially well characterized also on a molecular genetic level. In 
this organism intracellular sulfur globules are an obligate intermediate during the oxidation of thiosulfate 
and sulfide to sulfate. Thiosulfate oxidation is strictly dependent on the presence of three periplasmic Sox 
proteins encoded by the soxBXA and soxYZ genes. Sulfide oxidation does not appear to require the pres-
ence of Sox proteins. Flavocytochrome c is also not essential leaving sulfide:quinone oxidoreductase 
as the probably most important sulfide-oxidizing enzyme. Polysulfides are intermediates en route of sulfide to 
stored sulfur. Sulfur is deposited in the periplasm and present as long chains probably terminated by organic 
residues at one or both ends. The oxidation of stored sulfur is completely dependent on the proteins encoded 
in the dsr operon. These include siroamide-containing sulfite reductase (DsrAB), a transmembrane electron-
transporting complex (DsrMKJOP) and a iron–sulfur flavoprotein with NADH:acceptor oxidoreductase 
activity (DsrL). The last step of reduced sulfur compound oxidation in purple sulfur bacteria is the oxidation 
of sulfite. This can occur either via the enzymes adenosine 5′-phosphosulfate (APS) reductase and ATP 
sulfurylase which are non-essential in Alc. vinsoum or via direct oxidation to sulfate. The nature of the 
enzyme catalyzing the latter step is still unresolved in purple sulfur bacteria.

Abbreviations: Acd. – Acidiphilium; Alc. – Allochromatium; 

APS – adenosine 5¢-phosphosulfate; Ect. – Ectothiorhodo-
spira; EC – extracellular; FAPs – filamentous anoxygenic 

phototrophs; HiPIP – high potential iron-sulfur protein; Hlr. 

– Halorhodospira; IC – intracellular; Mch. – Marichroma-
tium; nd – not determined; Pcs. – Paracoccus; SQR-sulfide:

quinone oxidoreductase Rba. – Rhodobacter; Tca. – Thio-
capsa; Tcs. – Thiocystis
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II. Sulfur Oxidation Capabilities 
of Anoxygenic Phototrophic Bacteria

In the following section the sulfur oxidation 
capabilities of the various groups of anoxygenic 
phototrophic bacteria will be briefly described. 
Sulfur oxidation capabilities in the aerobic bacte-
riochlorophyll-containing bacteria, the Heliobac-
teria and the anoxygenic filamentous phototrophs 
are rather limited. Information about the enzymes 
involved is in most cases not available. The sul-
fur oxidation pathways in the other groups are 
far more complex. Therefore, separate chap-
ters  concentrate on the biochemistry, molecular 
genetics, genomics and proteomics of sulfur oxi-
dation in the green sulfur bacteria (Hanson, Frig-
aard). The sulfur metabolism in purple nonsulfur 
bacteria is reviewed in a forthcoming volume of 
this series (Sander and Dahl, 2008) This chapter 
focuses on sulfur compound oxidation in the pur-
ple sulfur bacteria of the families Chromatiaceae 
and Ectothiorhodospiraceae.

A. Aerobic Anoxygenic Bacteriochlorophyll-
Containing Bacteria

ABC bacteria are probably very important as 
destructors of organic compounds in a broad range 
of habitats (Yurkov, 2006). Although this increas-
ingly large group of bacteria is very heterogeneous 
phylogenetically, morphologically and physiologi-
cally, all share the inability to use bacteriochloro-
phyll for anaerobic photosynthetic growth and the 
presence of photochemical reactions in cells only 
under aerobic conditions (Hiraishi and Shimada, 
2001). Furthermore they share aerobic chemoor-
ganotrophy as the preferred mode of growth, low 
levels of bacteriochlorophylls and strong inhibi-
tion by light of bacteriochlorophyll synthesis under 
normal growth conditions. While fully active reac-
tion center and LH1 complexes with bacteriochlo-
rophyll are present in all species studied so far, 
peripheral antenna (LH2) are absent in most spe-
cies (Hiraishi and Shimada, 2001).

All species of the ABC bacteria, except the 
β-Proteobacterium Roseotales depolymerans, 
belong to the α-Proteobacteria (class Alphaproteo-
bacteria) where they do not form a homogeneous 
cluster but are closely interspersed with pho-
totrophic and non-phototrophic species (Imhoff 
and Hiraishi, 2005). Differentiation and taxon-

omy of ABC bacteria is difficult to understand 
even for experts in the field as several species not 
containing bacteriochlorophyll have been placed 
in genera of the aerobic anoxygenic bacteria.

None of the ABC bacteria are able to grow 
photolithoautotrophically with sulfur compounds 
as electron donors. However, the ability to oxidize 
inorganic sulfur compounds has been described for 
several representatives of this group. Examples are 
Roseinatronobacter thiooxidans, a strictly aerobic 
obligately heterotrophic alkaliphile that can oxidize 
sulfide, thiosulfate, sulfite and elemental sulfur 
to sulfate in the presence of organic compounds 
(Sorokin et al., 2000). In another study, Yurkov 
et al. (1994) showed thiosulfate-oxidizing activity 
in Erythromicrobium hydrolyticum, strain E4(1) 
and Rosoecoccus thiosulfatophilus, strain RB-7. 
The most pronounced oxidative sulfur metabolism 
is present in species of the genus Acidiphilium. 
A number of studies have demonstrated sulfur-
dependent chemolithotrophy of and sulfur oxida-
tion by Acd. acidophilum (formerly Thiobacillus 
acidophilus) (Pronk et al., 1990; Meulenberg et al., 
1992b; Hiraishi et al., 1998). In Acd. acidophilum 
the utilization of thiosulfate is initiated by the oxi-
dative condensation of two molecules of thiosulfate 
yielding tetrathionate. This step is catalyzed by the 
periplasmic enzyme thiosulfate:cytochrome c oxi-
doreductase (Meulenberg et al., 1993). The details 
of the further oxidation of tetrathionate to sulfate are 
largely unclear. Meulenberg et al. (1993) obtained 
indications that tetrathionate oxidation takes place 
in the periplasm in Acd. acidophilum. Furthermore, 
a tetrathionate hydrolase (de Jong et al., 1997), a 
trithionate hydrolase (Meulenberg et al., 1992a) 
and a sulfite:cyctochrome c oxidoreductase (de 
Jong et al., 2000) have been characterized from 
the organism.

B. Heliobacteria

Heliobacteria are anoxygenic phototrophic bac-
teria that contain bacteriochlorophyll g as the sole 
chlorophyll pigment. This unique Bchl, found only 
in the heliobacteria, distinguishes them from all 
other anoxygenic phototrophic bacteria (Madigan, 
2001b). They lack differentiated photosynthetic 
internal membranes, such as the membrane vesicles 
or lamellae of purple bacteria or the chlorosomes of 
green bacteria. Representatives of the heliobacte-
ria mainly occur in soils and are phylogenetically 
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related with gram-positive bacteria, specifically the 
Bacillus/Clostridium lineage. As far as is  currently 
known, heliobacteria are obligate anaerobes. 
However, they can grow both photo- and chemo-
trophically. Photoheterotrophic growth occurs on a 
restricted number of organic compounds as carbon 
sources. Chemotrophic growth in the dark occurs 
by fermentation of pyruvate or lactate. Photoau-
totrophic growth has not been demonstrated with 
any species of heliobacteria. If sulfide is added to the 
culture media, it is frequently oxidized to elemen-
tal sulfur that appears in the medium (Bryantseva et 
al., 2000; Madigan, 2001a). Heliobacterium sulfido-
philum and Heliobacterium undosum are especially 
tolerant to sulfide (up to 2 mM at pH 7.5). Many 
but not all members of the Heliobacteriaceae can 
assimilate sulfate as the sole source of sulfur (Madi-
gan, 2001a).

C. Filamentous Anoxygenic Phototrophs 
(Chloroflexaceae)

Chloroflexus, Chloronema, Oscillochloris, Roseiflexus 
and Heliothrix are well described genera of the 
filamentous anoxygenic phototrophs (FAPs) 
(Hanada and Pierson, 2002). Filamentous mor-
phology and gliding motility are typical features 
of these anoxygenic phototrophic organisms. 
Three of the genera, Chloroflexus, Chloronema 
and Oscillochloris contain chlorosomes, struc-
tural elements that are attached to the cellular 
membranes and contain the light-harvesting bac-
teriochlorophylls c and d. All five genera contain 
bacteriochlorophyll a. The filamentous anoxy-
genic bacteria are not closely related to the green 
sulfur bacteria and belong into one of the deepest 
bacterial phyla (Chloroflexi) of the Bacteria. This 
phylum also harbours non-phototrophic filamen-
tous gliding bacteria. Most but not all anoxygenic 
filamentous bacteria are facultatively aerobic and 
preferentially utilize organic substrates in their 
phototrophic or chemotrophic metabolism.

The biochemically best characterized member 
of the Chloroflexaceae is Chloroflexus aurantia-
cus, a thermophilic organism that prefers photo-
heterotrophic growth. Slow photoautrophic with 
hydrogen or sulfide as electron donors has been 
observed for some strains of the species (Madigan 
and Brock, 1977). Photoautotrophic growth on 
sulfide has also been described for Oscillochloris 
trichoides and appears to be present also in marine 

and hypersaline filamentous anoxygenic bacteria 
(Keppen et al., 1993; Hanada and Pierson, 2002). 
Sulfur appearing in the medium (often affixed to 
the cells) is the end product of sulfide oxidation. 
Chloroflexus aurantiacus is able to cover its need 
for sulfur for biosynthetic purposes by the assimi-
lation of sulfate or thiosulfate, as evidenced by the 
presence in the genome of a gene cluster encoding 
proteins involved in assimilatory sulfate reduc-
tion (e.g. ATP sulfurylase CaurDraft_0193, APS 
kinase CaurDraft_0191, PAPS reductase Cau-
rDraft_0192, sulfite reductase CaurDraft_0197).

D. Green Sulfur Bacteria

All green sulfur bacteria fall into a coherent taxo-
nomic group that forms a separate bacterial phy-
lum, the Chlorobi (Garrity and Holt, 2001). Besides 
bacteriochlorophyll a in the reaction center bacte-
riochlorophyll c, d, or e and various carotenoids 
of the chlorobactene and isorenrieratene series are 
used as photosynthetic pigments. Intracytoplasmic 
membranes are not formed, the light harvesting 
complexes reside on chlorosomes. All green sulfur 
bacteria have similar metabolic properties. They 
are strictly anaerobic and obligately phototrophic 
and can grow with CO

2
 as only carbon source. In 

contrast to the purple bacteria CO
2
 is fixed via the 

reductive tricarbonic acid cycle. Sulfide is used as 
electron donor by almost all of these species (the 
iron-oxidizing Chlorobium ferrooxidans is the only 
known exception) and oxidized to sulfate with 
intermediary accumulation of extracellular sulfur. 
The chemical speciation of the deposited sulfur is 
discussed in section VI.E. Many species are able to 
grow with elemental sulfur and some species also 
use thiosulfate (Frigaard and Bryant, 2008). Chlo-
robaculum parvum (formerly Chlorobium vibrio-
forme subsp. thiosulfatophilum (Imhoff, 2003)) 
NCIB 8346 and a strain described by Helge Larsen 
as Chlorobium thiosulfatophilum can use tetrathion-
ate as electron donor (Larsen, 1952; Khanna and 
Nicholas, 1982). Sulfite utilization has not yet been 
described for any green sulfur bacterium.

E. Purple Nonsulfur Bacteria

The purple “nonsulfur” bacteria are an extremely 
heterogeneous group of bacteria. Representatives 
are found within the Alpha- and the Betaproteobac-
teria (Imhoff et al., 2005). The species in this group 
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vary not only with respect to their cell  morphology, 
the structure of intracytoplasmic membrane sys-
tems, the carotenoid composition and the carbon 
sources used but also with respect to the electron 
donors that can be used for photosynthesis. All 
species prefer photoheterotrophic growth under 
anaerobic conditions. In addition, many species 
can grow photoautotrophically with hydrogen or 
sulfide as electron donor, many of which do not 
oxidize sulfide completely to sulfate but form sul-
fur as the end product instead. However, in many 
other species, among them the species of the genus 
Rhodovulum, Rhodopseudomonas palustris or 
Blastochloris sulfoviridis, sulfate is the end prod-
uct of sulfide oxidation (reviewed in Brune, 1995b; 
Imhoff et al., 2005). Thiosulfate is also used by 
many species, and oxidized either to tetrathionate 
(Rhodopila globiformis (Then and Trüper, 1981) ) 
or completely to sulfate (e.g. Rhodovulum species 
(Brune, 1995b; Appia-Ayme et al., 2001; Imhoff et 
al., 2005) ). Under microoxic to oxic conditions in 
the dark most representatives of the purple “non-
sulfur” bacteria can grow chemoorganotrophically, 
some are also capable of chemolithoautotrophic 
growth. In addition, some species are able to metab-
olize sugars in the dark in the absence of oxygen 
by using nitrate, dimethyl sulfoxide or trimethyl-
amine-N-oxide as electron acceptors.

F. Purple Sulfur Bacteria

The purple sulfur bacteria belong to the Gamma-
proteobacteria and fall in two families, the Chro-
matiaceae and the Ectothiorhodospiraceae. Both 
form coherent groups on the basis of their 16S 
rRNA sequences. During phototrophic growth in 
batch cultures with sulfide as electron donor, the 
oxidation of sulfide and sulfur follow each other. 
The most important and easily recognized distin-
guishing feature between the members of these 
two families is the site of sulfur deposition during 
growth on sulfide. In Chromatiaceae sulfur glob-
ules appear inside the cells while they are formed 
outside the cells in Ectothiorhodospiraceae. 
A notable exception among the Ectothiorhodo-
spiraceae is Thiorhodospira sibirica. This organ-
ism deposits sulfur not only outside of the cell 
in the medium but also attached to the cells or in 
the periplasm (Bryantseva et al., 1999). The sul-
fur-metabolizing capabilities of the purple sulfur 
bacteria are summarized in Table 1.

1. Chromatiaceae

Generally, two physiological groups can be 
differentiated within the Chromatiaceae: The 
large-celled species (eg. Chromatium okenii, 
Allochromatium warmingii and Isochromatium 
buderi) are strictly anaerobic, obligately pho-
totrophic and require sulfide or elemental sul-
fur as photosynthetic electron donors and as 
sources of sulfur for biosynthesis. The other 
group includes most of the small-celled species 
(eg. Alc. vinosum, Allochromatium minutissi-
mum) which are metabolically much more ver-
satile. In addition to sulfide and elemental sulfur 
these organisms use thiosulfate and some also 
use sulfite as electron donors (Imhoff, 2005a). 
Some organic sulfur compounds can also serve 
as electron donors for photosynthetic growth 
of Chromatiaceae: Thiocapsa roseopersicina 
splits mercaptomalate and mercaptopropion-
ate to fumarate and H

2
S and acrylate and H

2
S, 

respectively and then uses the liberated H
2
S 

as electron donor (Visscher and Taylor, 1993). 
This organism furthermore oxidizes dimethyl 
sulfide to dimethyl sulfoxide (Visscher and 
van Gemerden, 1991). Most of the small-celled 
representatives of the Chromatiaceae are able 
to assimilate sulfate for biosynthetic purposes, 
can grow photoorganoheterotrophically in the 
absence of reduced sulfur compounds and are 
able to grow as chemolithotrophs on reduced 
sulfur compounds. Some species can even grow 
as chemoorganotrophs in which case the addi-
tion of sulfide or thiosulfate as a sulfur source 
is required because the assimilation of sulfate 
is repressed under aerobic conditions (Kondra-
tieva et al., 1981). During fermentative dark 
metabolism of Chromatiaceae sulfur com-
pounds (elemental sulfur) can serve as acceptors 
of electrons liberated by the oxidation of stored 
carbon compounds (polyhydroxyalcanoic acid).

2. Ectothiorhodospiraceae

Almost all members of the Ectothiorhodo-
spiraceae are halophilic and alkaliphilic bacteria. 
The family comprises four phototrophic genera 
(Ectothiorhodospira, Halorhodospira, Thiorho-
dospira, Ectothiorhodosinus). Formally, the 
genus Ectothiorhodosinus (Gorlenko et al., 2004) 
has no standing in nomenclature.
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Table 1. Sulfur metabolizing capabilities of purple sulfur bacterial genera.

Genus Sulfur substrates Intermediates End product Sulfate assimilation
Chemoautotrophic 

growth

Chromatiaceae
Allochromatium Sulfide, sulfur, 

thiosulfate, sulfite, 
(latter two not in Alc. 
warmingii)

Sulfur, IC Sulfate + (not in Alc. 
warmingii)

Some species

Chromatium Sulfide, sulfur Sulfur, IC Sulfate − −

Halochromatium Sulfide, thiosulfate, 
sulfur, sulfite

Sulfur, IC Sulfate − + (sulfide, thiosul-
fate)

Isochromatium Sulfide, sulfur Sulfur, IC Sulfate − −

Lamprobacter Sulfide, thiosulfate, 
sulfur

Sulfur, IC S0 and sulfate − +

Lamprocystis Sulfide, thiosulfate, 
sulfur

Sulfur, IC Sulfate −/nd +/−

Marichromatium Sulfide, thiosulfate, 
sulfur, sulfite (only 
Mch. gracile)

Sulfur, IC Sulfate +/− +/−

Lamprobacter Sulfide, thiosulfate, 
sulfur

Sulfur, IC S0 and sulfate − +

Lamprocystis Sulfide, thiosulfate, 
sulfur

Sulfur, IC Sulfate −/nd +/−

Rhabdochromatium Sulfide, thiosulfate, 
sulfur

Sulfur, IC Sulfate nd −

Thermochromatium Sulfide, sulfur Sulfur, IC Sulfate nd −

Thioalkalicoccus Sulfide, sulfur Sulfur, IC Sulfate nd −

Thiobaca Sulfide Sulfur, IC Sulfate nd nd

Thiocapsa Sulfide, thiosulfate, 
sulfur, sulfite (only 
Tca. litoralis and 
Tca. pendens)

Sulfur, IC Sulfate +/− +/−

Thiococcus Sulfide, sulfur Sulfur, IC Sulfate − −

Thiocystis Sulfide, thiosulfate 
(not in Tcs. gelati-
nosa), sulfur, sulfite 
in some strains

Sulfur, IC Sulfate +in some strains +

Thiodictyon Sulfide, sulfur Sulfur, IC Sulfate nd −

Thioflaviococcus Sulfide, sulfur Sulfur, IC Sulfate nd −

Thiohalocapsa Sulfide, thiosulfate, 
sulfur, sulfite

Sulfur, IC Sulfate − +

Thiolamprovum Sulfide, thiosulfate, 
sulfur

Sulfur, IC Sulfate − +

Thiopedia Sulfide, sulfur Sulfur, IC Sulfate − −

Thiorhodococcus Sulfide, thiosulfate, 
sulfur

Sulfur, IC Sulfate − +/−

Thiorhodovibrio Sulfide, sulfur Sulfur, IC Sulfate nd +

Thiospirillum Sulfide, sulfur Sulfur, IC Sulfate nd −

Ectothiorhodo-
spiraceae
Ectothiorhodospira Sulfide, thiosulfate 

(not in Ect. maris-
mortui), sulfur, 
sulfite (nd for some 
species)

Polysulfide, sulfur, 
EC

Sulfate +in some species +in some species

Halorhodospira Sulfide, thiosulfate 
only in Hlr. 
halophila

Sulfur, EC Sulfur or sulfate +in Hlr. halochloris −

(continued)
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All species of the genus Ectothiorhdodospira 
grow well under anoxic conditions in the light 
with reduced sulfur compounds as photosynthetic 
electron donors and in the presence of organic 
carbon sources and inorganic carbonate. Under 
the alkaline growth conditions which are opti-
mal for Ectothiorhodospira species, polysulfides 
are stable intermediates during sulfide oxidation. 
As a result, polysulfides have been described as 
the first measurable oxidation products almost 
25 years ago (Then and Trüper, 1983; Then and 
Trüper, 1984). When grown on elemental sulfur 
Ect. halochloris does not oxidize this compound 
to sulfate, but reduces it to sulfide and polysulfide 
(Then and Trüper, 1984). Several species of the 
genus Ectothiorhodospira are also able to grow 
chemolithotrophically on sulfur compounds 
(Table 1). Members of the genus Halorhodospira 
oxidize sulfide to sulfur which is further oxidized 
to sulfate by some species. Thiosulfate is only 
used by Hlr. halophila (Raymond and Sistrom, 
1969) and poorly by Halorhodospira neutriphila 
(Hirschler-Rea et al., 2003). Sulfur can also be 
used by some species (Imhoff, 2005b).

III. Electron Transport in Purple Sulfur 
Bacteria

During photoautotrophic growth of purple sulfur 
bacteria reduced sulfur compounds yield elec-
trons for the reduction of CO

2
. The electrons 

from the sulfur compounds are transferred to CO
2
 

via the photosynthetic electron transport chain 
and NAD+. Photosynthetic electron transport and 
CO

2
 fixation are therefore intimately intertwined 

with the oxidation of reduced sulfur compounds 
and will be briefly presented.

Light-driven electron flow in purple sulfur 
bacteria is essentially cyclic and involves two 
membrane-embedded complexes, the reaction 
center and the cytochrome bc1 complex (Fig. 1). 
In most purple bacteria the reaction center is inti-
mately associated with a tetraheme cytochrome 
binding two heme c with a relatively low redox 
potential (10 mV) and two heme c with high 
redox potential (330 and 360 mV, respectively) 
(Nitschke et al., 1993). The reaction center uses 
light energy to transfer electrons from a mobile 
periplasmic or membrane-associated donor pro-
tein with a positive redox potential to quinone in 
the membrane. The reduction of the quinone 
occurs with incorporation of two protons from 
the cytoplasm close to the cytoplasmic mem-
brane surface. The cycle is complete when the 
electrons are transferred back to the mobile elec-
tron-carrying protein via the cytochrome bc

1
 

complex.
The periplasmic electron carrier protein is cyto-

chrome c
2
 in several of the well studied purple 

nonsulfur bacteria, e.g. Rhodobacter sphaeroides, 
Rhodobacter capsulatus, and Blastochloris viridis 
(see, for example Drepper and Mathis (1997)). 
Surveys of photosynthetic electron transfer among 
other proteobacterial species, however, showed 
that the participation of HiPIP (high potential 
iron–sulfur protein), a ferredoxin-like [4Fe–4S] 
protein with a redox potential of +350 mV, instead 
of soluble cytochrome c is the rule rather than the 
exception (Menin et al., 1998). The idea has been 
put forward, that HiPIP is the electron carrier of 
choice in the purple sulfur bacteria in the fami-
lies Chromatiaceae and Ectothiorhodospiraceae, 
but that the majority of purple nonsulfur bacteria 
are likely to utilize cytochrome c

2
 (van Driessche 

et al., 2003). Other soluble cytochromes, such 

Thiorhodospira Sulfide, sulfur Sulfur, EC & IC Sulfate nd −

Ectothiorhodosi-
nus*

Sulfide, thiosulfate Sulfur, EC Sulfate nd nd

The tabulated data were mostly taken from Imhoff (2005a; 2005b). Additional information was taken from Rees et al. (2002); Zaar et al. (2003); 

Gorlenko et al. (2004); Arunasri et al. (2005).

IC, intracellular; EC, extracellular; nd, not determined.

* The genus Ectothiorhodosinus has no standing in nomenclature.

Table 1. (continued)

Genus Sulfur substrates Intermediates End product Sulfate assimilation
Chemoautotrophic 

growth
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as cytochrome c
8
 or the membrane-associated 

 cytochrome c
y
 can also mediate electron flow 

from the reaction center to the cytochrome bc1 
complex in some species (Jenney et al., 1994; 
Samyn et al., 1996; Kerfeld et al., 1996). In Allo-
chromatium vinosum, our model organism for the 
investigation sulfur oxidation pathways, both, 
HiPIP and cytochrome c

8
 can serve as reductants 

of the high potential reaction center heme. In this 
purple sulfur bacterium the growth conditions 
influence the identity of the electron donor that 
is preferentially used. Cells grown autotrophically 
in the presence of sulfide and thiosulfate appear to 
use almost exclusively HiPIP while cytochrome 
c

8
 is used in cells grown with organic compounds 

(Vermeglio et al., 2002).
The oxidation of quinol at the bc

1
 complex 

results in the release of two protons into the peri-
plasm. The resulting proton gradient drives ATP 
synthesis and the reduction of NAD+ to NADH 
with quinol as the reductant. NADH and CO

2
 

are required for the reduction of CO
2
 to carbo-

hydrates via the Calvin cycle. Electrons drained 
from photosynthetic electron flow for the reduc-
tion of CO

2
, are replaced by electrons released 

from oxidizable substrates. Taking into consider-
ation the redox potential of the sulfur compounds 

used as photosynthetic electron donors by purple 
sulfur  bacteria, the respective electrons could 
in principle be transferred to periplasmic c-type 
cytochromes or directly into the quinone pool. 
Periplasmic  cytochromes, such as flavocyto-
chrome c and cytochrome c

551
 (SoxA), may feed 

electrons from sulfide or thiosulfate (see below) 
into the photosynthetic pathways via the same 
soluble carriers as are part of the cyclic system. 
Sulfide:quinone oxidoreductase would directly 
reduce quinone with electrons from sulfide. Elec-
trons resulting from cytoplasmic oxidation of 
sulfite via APS reductase may also be directly 
transferred to quinone. It should be noted that 
the dissimilatory APS reductase is an iron–sul-
fur flavoprotein that bares no resemblance to the 
APS/PAPS reductases of the assimilatory sulfate 
reduction pathway.

IV. Biochemistry of Sulfur Oxidation 
Pathways in Purple Sulfur Bacteria

The last comprehensive reviews about the bio-
chemistry of sulfur oxidation pathways in pur-
ple sulfur bacteria were published by Daniel C 
Brune (Brune, 1989; Brune, 1995b). In these 

Fig. 1. Schematic representation of photosynthetic electron flow in the purple sulfur bacterium Allochromatium vinosum. Oxida-
tion of sulfur compounds as the electron source for NAD+ reduction is shown for sulfide in a simplified fashion. It should be noted 
that only part of the several steps involved in sulfur compound oxidation take indeed place in the cytoplasm (see Section IV).
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excellent articles a wealth of information on sul-
fur  oxidation patterns by whole cells of anox-
ygenic phototrophic bacteria was presented. 
In addition, the available data on enzymes 
potentially involved in sulfur transformations 
in these organisms was summarized. At that 
time, it was very difficult to unify the available 
information into a valid scheme, mostly due to 
the facts that a whole array of different organ-
isms had been investigated and that molecular 
genetic  information was essentially not present. 
In order to obtain a better picture of sulfur oxi-
dation in purple sulfur bacteria we concentrated 
on one model bacterium, Allochromatium vino-
sum DSMZ 180T and developed reverse genet-
ics for this organism (Pattaragulwanit and Dahl, 
1995). The following discussion on the oxida-
tion of different reduced sulfur compounds, the 
properties of sulfur globules and their degrada-
tion therefore focuses on this organism. Results 
obtained with other purple sulfur bacteria are 
discussed but a complete survey of all available 
information is not attempted. Further relevant 
information is available through the genome 
sequence of Halorhodospira halophila SL1 
(NZ_AAOQO1000001.1), a member of the 
Ectothiorhodospiraceae. In this organism many 
genes encoding proteins potentially involved in 
sulfur oxidation are clustered (genes Hhal1932 
through Hhal1967). In Fig. 2 a comparison 
between the arrangement of these genes and 
those currently known for Alc. vinosum is pre-
sented. The genome sequence of Alc. vinosum 
has not yet been determined.

A. Oxidation of Thiosulfate

Thiosulfate (S
2
O

3

2−) is a rather stable and environ-
mentally abundant sulfur compound of interme-
diate oxidation state. It fulfils an important role 
in the natural sulfur cycle and is used by many 
phototrophic and chemotrophic sulfur oxidiz-
ers (Jørgensen, 1990; Sorokin et al., 1999). Two 
completely different pathways of thiosulfate oxi-
dation appear to exist in purple sulfur bacteria. In 
one form tetrathionate is produced by oxidation 
of two thiosulfate anions via thiosulfate dehydro-
genase (thiosulfate:acceptor oxidoreductase, EC 
1.8.2.2). In the second form thiosulfate is com-
pletely oxidized to sulfate via several different 
mechanisms.

1. Thiosulfate Dehydrogenase

The formation of tetrathionate from thiosulfate 
has been mainly studied in chemoorganotrophic 
bacteria that use thiosulfate as a supplemental but 
not as the sole energy source (Jørgensen, 1990; 
Sorokin et al., 1999; Podgorsek and Imhoff, 
1999). The pathway occurs only in a few purple 
sulfur bacteria including Alc. vinosum (Smith and 
Lascelles, 1966; Hensen et al., 2006).

In Alc. vinosum the ratio between tetrathionate 
and sulfate formed from thiosulfate is strongly 
pH-dependent with more tetrathionate as the 
product under slightly acidic conditions (Smith, 
1966). In Alc. vinosum thiosulfate dehydrogenase 
is a periplasmic 30-kDa monomer with an iso-
electric point of 4.2. The enzyme contains heme 
c and is reduced by thiosulfate at pH 5.0 but not 
at pH 7.0. In accordance, the pH optimum of the 
enzyme was determined to be 4.25 (Hensen et 
al., 2006). An examination of the kinetic prop-
erties of Alc. vinosum thiosulfate dehydrogenase 
with ferricyanide as artificial electron acceptor 
was initiated but interpretation of experimental 
results is complicated by the fact that enzymes 
that use two molecules of the same substrate 
do not follow regular Michaelis–Menten kinet-
ics. However, some important constants could be 
estimated: the limiting V

max
 is about 34,000 units 

(mg protein)−1 (corresponding to a k
cat

 of 1.7 × 
104 s−1) and the [S]

0.5
 for ferricyanide is about 0.5. 

[S]
0.5

 is the substrate concentration that yields 
half maximal velocity. It is important to note that 
it is not identical to K

m
 as a K

m
 cannot be given 

for reactions not following Michaelis–Menten 
kinetics (Segel, 1993). While thiosulfate did not 
display strong substrate inhibition at any of the 
experimental ferricyanide levels, ferricyanide 
did show substrate inhibition on Alc. vinosum 
thiosulfate dehydrogenase (Hensen et al., 2006). 
Furthermore, the enzyme was significantly inhib-
ited by sulfite (50% inhibition at 80 µM sulfite). 
Under optimized assay conditions cytochrome c 
from yeast is used as electron acceptor instead 
of ferricyanide by the enzyme, whereas horse 
heart cytochrome c is not accepted. The proper-
ties of Alc. vinosum thiosulfate dehydrogenase 
described by Hensen et al. (2006) are compatible 
with older data presented by Smith (1966) and 
Fukumori and Yamanka (1979). In both reports a 
tetrathionate-forming activity with a pH optimum 
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in the acidic range was described. Fukumori and 
Yamanaka (1979) found that Alc. vinosum thiosul-
fate dehydrogenase used HiPIP isolated from the 
same organism as an efficient electron acceptor. 
This is in complete agreement with the fact that 
both, thiosulfate dehydrogenase and HiPIP are 
located in the periplasm of Alc. vinosum (Brüser 
et al., 1997) where HiPIP is photooxidized by the 
reaction center (van Driessche et al., 2003).

With our current analysis we cannot confirm 
the presence of any tetrathionate-forming enzyme 
operating at pH 8.0 in Alc. vinosum as has been 
claimed earlier (Schmitt et al., 1981; Knobloch 
et al., 1981). Of the tetrathionate-forming enzymes 
characterized so far, thiosulfate dehydrogenase 
from Acidithiobacillus thiooxidans (Nakamura 
et al., 2001) most closely resembles the enzyme 
from Alc. vinosum. Both species belong to the Gam-
maproteobacteria. The protein from Acidithio-
bacillus has been described as a monomeric 
27.9-kDa c-type cytochrome with a pH optimum 
at 3.5. Thiosulfate dehydrogenases from other 
sources show remarkable heterogeneity with 
respect to structural properties and catalytic char-
acteristics (Kusai and Yamanaka, 1973; Then and 
Trüper, 1981; Visser et al., 1996) which has been 
interpreted as indicating convergent rather than 
divergent evolution (Visser et al., 1996). A gene 
sequence encoding a heme-containing thiosulfate 
dehydrogenase has not yet been reported. A Blast 
search with the amino-terminal sequence of the 
enzyme from Alc. vinosum yielded only one sig-
nificantly related sequence, a hypothetical c-type 
cytochrome from Cupriavidus (Ralstonia, Wautersia) 
metallidurans (Hensen et al., 2006).

2. Oxidation of Thiosulfate to Sulfate

Many purple sulfur bacteria can oxidize thio-
sulfate completely to sulfate (Table 1). In batch 
cultures of purple sulfur bacteria growing on 
thiosulfate the formation of sulfur globules 
is sometimes – but not always – observed. It is 
therefore very important to note, that the forma-
tion of sulfur globules is known to be an obliga-
tory step during the oxidation of thiosulfate to 
sulfate in Alc. vinosum and probably also in 
other purple sulfur bacteria. Two independent 
lines of evidence prove that sulfur formation is 
an essential step: (1) An Alc. vinosum mutant 
unable to form sulfur globules due to the lack of 

sulfur globule proteins cannot grow on thiosul-
fate (Prange et al., 2004) and (2) Alc. vinosum 
mutants blocked in sulfur oxidation form intrac-
ellular sulfur globules from thiosulfate as a dead 
end product (Pott and Dahl, 1998). In addition, 
studies with radioactively labelled thiosulfate 
demonstrated very clearly that the more reduced 
sulfane and the more oxidized sulfone sulfur 
atoms are processed differently in purple sul-
fur bacteria (Smith and Lascelles, 1966; Trüper 
and Pfennig, 1966). Only the sulfane sulfur 
accumulates as stored sulfur [S0] before further 
oxidation, whereas the sulfone sulfur is rapidly 
converted into sulfate and excreted. The forma-
tion of sulfur as an intermediate in purple sulfur 
bacteria is different from the thiosulfate-oxidiz-
ing pathway (Sox pathway) that occurs in a wide 
range of facultatively chemo- or photolitho-
trophic bacteria like Paracoccus pantotrophus 
or Rhodovulum sulfidophilum (Appia-Ayme et 
al., 2001; Friedrich et al., 2001). In the latter, 
both sulfur atoms of thiosulfate are oxidized to 
sulfate without the appearance of sulfur deposits 
as intermediates.

In spite of this fundamental difference similar 
proteins appear to be essential for thiosulfate oxi-
dation to sulfate in organisms forming sulfur as 
an intermediate and those not producing sulfur. 
Gene inactivation and complementation studies 
clearly showed that the soxBXA and soxYZ genes, 
located in two independent gene regions (Fig. 2), 
are essential for thiosulfate oxidation in Alc. 
vinosum (Hensen et al., 2006). Three periplasmic 
Sox proteins were purified from Alc. vinosum: the 
heterodimeric c-type cytochrome SoxXA (SoxX 
11 kDa, SoxA 29 kDa; one covalently bound heme 
is present in each subunit), the heterodimeric 
SoxYZ (SoxY 12.7 kDa, SoxZ 11.2 kDa) and the 
monomeric SoxB (62 kDa, predicted to bind two 
manganese atoms) (Hensen et al., 2006).

In Alc. vinosum the genes soxB and soxXA are 
transcribed divergently. Upstream of soxB a gene 
encoding a potential regulator protein is located 
and immediately downstream of soxA two further 
interesting genes are found: The first (ORF9) 
encodes a hypothetical 12.2-kDa (9.2 kDa after 
processing) protein with a signal peptide. A 
homologous gene (orf1020 or soxK) is present 
in all currently known sox gene clusters of thio-
sulfate-oxidizing green sulfur bacteria (Frigaard 
and Bryant, 2008), however, a homolog is not 
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present in the Hlr. halophila sulfur gene cluster 
(Fig. 2). The second (rhd) encodes a putative 
periplasmic protein (22.2 kDa after processing) 
containing a conserved domain typical for rhoda-
neses. A homologous gene is neither found close 
to sox genes of green sulfur bacteria nor in Hlr. 
halophila. In vitro, rhodaneses (thiosulfate:sulfur 
transferases) can catalyze the transfer of the sul-
fane sulfur atom of thiosulfate to cyanide yield-
ing thiocyanate (rhodanide, SCN−) and sulfite. 
This is, however, not the physiological role in 
most cases. In the past, the detection of rhodanese 
and thiosulfate reductase activity in phototrophic 
sulfur bacteria led to the assumption that thio-
sulfate would be cleaved into sulfite and sulfide 
in the presence of suitable reduced thiol accep-
tors like glutathione and dihydrolipoic acid, and 
that the H

2
S formed during the proposed reaction 

would be immediately oxidized to sulfur stored 
in sulfur globules (Brune, 1989; Brune, 1995b; 
Dahl, 1999). However, gene inactivation showed 
that the Alc. vinosum rhd product does not play 
such a vital role and is dispensable for thiosul-
fate oxidation (Hensen et al., 2006). The physi-
ological role of the rhd-encoded protein remains 
to be elucidated. The deduced properties of other 
genes encoded in immediate vicinity of the Alc. 
vinosum sox genes were described in detail by 
Hensen et al. (2006). A function in oxidative sul-
fur metabolism of these hypothetical proteins is 
not obvious.

In Hlr. halophila putative sox genes are clus-
tered but not organized in a single operon (Fig. 2). 
The gene soxH which is apparently not present 
close to the sequenced sox genes in Alc. vino-
sum is not required for lithotrophic growth on 
thiosulfate in Pcs. pantotrophus (Rother et al., 
2001). In Hlr. halophila soxBHYZ appear to be 
co-transcribed. They are separated from a gene 
encoding a fusion of SoxXA by a divergently 
oriented cluster of four genes, among them fccAB 
possibly encoding a flavocytochrome c (sulfide 
dehydrogenase). The derived FccB polypeptide 
also shows similarity to SoxF, an important though 
not essential component of the Pcs. pantotrophus 
Sox system (Bardischewsky et al., 2006). How-
ever, the similarity is significantly lower than that 
to the flavoprotein subunit FccB of Alc. vinosum 
flavocytochrome c (Dolata et al., 1993; Reinartz 
et al., 1998). The gene immediately upstream of 
fccB in Hlr. halophila is clearly related to fccA 

encoding the cytochrome c subunit of Alc. vino-
sum flavocytochrome c while similarity to soxE 
from Pcs. pantotrophus is below detection limits 
in searches using the BLAST algorithm (Altschul 
et al., 1990).

Occurrence and arrangement of sox genes 
in both purple sulfur bacteria is different from 
that in Pcs. pantotrophus in which the sox gene 
cluster comprises 15 genes organized into three 
transcriptional units, soxRS, soxVW and sox
XYZABCDEFGH. In this organism the periplas-
mic proteins SoxXA, SoxYZ, SoxB and Sox(CD)

2
 

are essential for thiosulfate oxidation in vivo and 
in vitro. Currently, a model has been proposed that 
SoxXA initiates oxidation and covalent attach-
ment of thiosulfate to a conserved cysteine (resi-
due 138) in SoxY of the SoxYZ complex. SoxB 
would then hydrolytically release sulfate leaving 
a cysteine-138-persulfide in SoxYZ, which is 
proposed to be oxidized by the hemomolybdoen-
zyme Sox(CD)

2
 yielding a cysteine-S-sulfonate. 

In the final step SoxB would again release sulfate 
and thereby recycle SoxYZ. In green sulfur bac-
teria, a orf1015(soxJ)-soxXYZA-orf1020(soxK)-
soxBW genomic arrangement is generally found 
(Frigaard and Bryant, 2008). We were not able 
to detect the genes soxCD in Alc. vinosum and 
they are also not present in the genome of Hlr. 
halophila. Furthermore, these genes are absent in 
the magnetotactic Magnetococcus sp. MC1 and 
Thiobacillus denitrificans. Alc. vinosum and the 
latter two organisms have in common that they 
form sulfur as intermediate during thiosulfate 
oxidation, either as globules or as finely dispersed 
membrane-associated sulfur (Schedel and Trüper, 
1980; Williams et al., 2006). The genomes of 
thiosulfate-oxidizing green sulfur bacteria (Frigaard 
and Bryant, 2008) also do not contain soxCD. 
Sulfur formation during thiosulfate oxidation has 
been described for one of these species, Chlo-
robaculum parvum DSM 263 (Steinmetz and 
Fischer, 1982). Sulfur may be an intermediate 
also in the other green sulfur bacteria, though 
may not be detectable due to a high turnover rate. 
Polysulfides have also been suggested as inter-
mediates occurring in the periplasm of green sul-
fur bacteria during thiosulfate oxidation (Frigaard 
and Bryant, 2008). Summarizing the observation 
that the lack of soxCD appears to correlate with 
the formation of sulfur or possibly polysulfides 
as metabolic intermediates we suggested the 
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following model (Fig. 3) (Hensen et al., 2006): 
The initial oxidation and covalent binding of 
thiosulfate to SoxYZ would be brought about 
by SoxXA and sulfate would then be hydrolytically 
released by SoxB just as proposed for Pcs. pan-
totrophus (Friedrich et al., 2001). However, in 
organisms like Alc. vinosum that lack “sulfur 
dehydrogenase” the sulfane sulfur atom linked 
to SoxY cannot be directly further oxidized. We 
suggest that the sulfur is instead transferred to 
growing sulfur globules (or polysulfide). Such a 
suggestion is feasible because the sulfur globules 
in Alc. vinosum and in many if not all other organ-

isms forming intracellular sulfur deposits reside 
in the bacterial periplasm (Pattaragulwanit et al., 
1998; Dahl and Prange, 2006) (see also below) 
and therefore in the same cellular compartment 
as the Sox proteins (Hensen et al., 2006). Such a 
mechanism would require the transfer of SoxY-
bound sulfur to the sulfur globules, a process 
that is currently unclear. The sulfur transferase 
encoded by the rhd gene has the capacity to play 
such a role however its inactivation did not lead 
to a detectable phenotype. Possibly, other sulfur 
transferases present in the cells function as a back 
up system.

Fig. 3. Model of the sulfur oxidation pathway in Allochromatium vinosum. Direct oxidation of sulfite to sulfate is hypothesized 
to occur periplasmically by a classical sulfite dehydrogenase. However, as elaborated in the text, the possibility of direct cyto-
plasmic oxidation of sulfite cannot be excluded. APS, adenosine 5′-phosphosulfate.
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B. Oxidation of Sulfide to “Elemental” 
Sulfur

In purple sulfur bacteria, the main enzymes that 
have been discussed as catalyzing the oxidation 
of sulfide are the periplasmic FAD-containing 
flavocytochrome c and the membrane-bound 
sulfide: quinone oxidoreductase (SQR) (Brune, 
1995b; Reinartz et al., 1998) (Fig. 3).

The distribution of flavocytochrome c among 
the anoxygenic phototrophic bacteria and its 
chemical and catalytic properties have been dis-
cussed in detail elsewhere (Brune, 1989; Brune, 
1995b; Frigaard and Bryant, 2008). The protein 
is located in the periplasm, consists of a FAD-
binding (FccB, 46–47 kDa) and a smaller heme 
c-binding subunit (FccA, 21 kDa, two heme c in 
Alc. vinosum (van Beeumen et al., 1991) ). The 
genome of Hlr. halophila contains three copies 
of potential fccAB genes (Hhal1945 and 1946, 
Hhal1162 and 1163, Hhal1330 and 1331). In 
vitro, flavocytochromes can efficiently catalyze 
electron transfer from sulfide to a variety of small 
c-type cytochromes (e.g. cytochrome c

550
 from 

Alc. vinosum (Davidson et al., 1985) ) that may 
then donate electrons to the photosynthetic reaction 
center. However, the in vivo role of flavocyto-
chrome c is unclear. It occurs in many purple 
and green sulfur bacteria but there are also many 
species that lack this protein. Moreover, an Alc. 
vinosum mutant deficient in flavocytochrome c 
exhibits sulfide oxidation rates similar to those of 
the wild type (Reinartz et al., 1998).

As an alternative to sulfide oxidation via fla-
vocytochrome c, the transfer of electrons from 
sulfide primarily into the quinone pool was pro-
posed, based on energetic considerations as well 
as on the inhibitory effect of rotenone, CCCP, and 
antimycin A on NAD photoreduction by sulfide 
(Brune and Trüper, 1986; Brune, 1989). Sulfide: 
quinone oxidoreductase (SQR) activity has in the 
meantime been described for many phototrophic 
organisms including the cyanobacterium Oscil-
latoria limnetica (Arieli et al., 1994), the purple 
nonsulfur bacterium Rhodobacter capsulatus 
(Schütz et al., 1997), green sulfur bacteria (Shahak 
et al., 1992) and also Alc. vinosum (Reinartz 
et al., 1998). The properties of this enzyme from 
diverse sources are described in detail in the 
chapter by Hauska and Shahak. Although Alc. 
vinosum membranes exhibit SQR activity, my 

laboratory has so far neither been able to detect 
a sqr-related gene via Southern hybridization 
with heterologous probes or heterologous PCR 
nor could we detect the protein with antibod-
ies directed against the Rba. capsulatus pro-
tein (M. Reinartz and C. Dahl, unpublished). 
We therefore hypothesize that the enzyme from 
Alc. vinosum and possibly other purple sulfur 
bacteria has properties distinct from those of 
characterized SQRs. In accordance, the Hlr. 
halophila genome contains one only distantly 
related homolog (Hhal1665) of the biochemi-
cally well characterized SQR from Rhodobacter 
capsulatus (Schütz et al., 1999; Griesbeck 
et al., 2002).

In Rba. capsulatus, SQR is a peripherally 
membrane-bound flavoprotein with its active 
site located in the periplasm (Schütz et al., 
1999). The primary product of the SQR reaction 
is soluble polysulfide whereas elemental sulfur 
does not appear to be formed in vitro (Griesbeck 
et al., 2002). Very probably, disulfide (or pos-
sibly a longer chain polysulfide) is the initial 
product of sulfide oxidation, which is released 
from the enzyme. Polysulfide anions of different 
chain lengths are in equilibrium with each other 
and longer-chain polysulfides can be formed 
by disproportionation reactions from the initial 
disulfide (Steudel, 1996). When whole cells of 
Rba. capsulatus grow with sulfide, elemental 
sulfur is formed as the final product. In principle, 
elemental sulfur can form spontaneously from 
polysulfides (Steudel, 1996).) In experiments 
using isolated spheroplasts from Chlorobium 
vibrioforme and Allochromatium minutissimum, 
soluble polysulfides have been detected as the 
product of sulfide oxidation (Blöthe and Fischer, 
2000). Polysulfides were also detected as pri-
mary products of sulfide oxidation by whole cells 
of Alc. vinosum (Prange et al., 2004) and have 
been reported as intermediates of the oxida-
tion of sulfide to extracellular sulfur by species 
of the purple sulfur bacterial family Ectothio
rhodospiraceae (Trüper, 1978; Then and Trüper, 
1983). While transient formation of polysulfide 
by the latter organism species has originally been 
attributed to chemical reaction between H

2
S and 

elemental sulfur promoted by the alkaline cul-
ture medium (Trüper, 1978), it now appears more 
likely that they present biochemically generated 
intermediates.
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It remains difficult to assign any function to 
flavocytochrome c, a protein that is constitutive 
in Alc. vinosum (Bartsch, 1978). Based on the 
large difference of redox potential between fla-
vocytochrome c and the photosynthetic reaction 
center, Brune (1995b) suggested that flavocyto-
chrome c may represent a high affinity system 
for sulfide oxidation that might be of advantage 
for the cells especially at very low sulfide con-
centrations. At present such a function cannot be 
excluded and flavocytochrome c could indeed 
supplement the energetically more efficient sys-
tem involving electron transfer from sulfide to 
quinone via SQR.

In Alc.vinosum, sulfite reductase operating in 
reverse, i.e. in the direction of sulfite formation, 
has also been discussed to be involved in sulfide 
oxidation (Schedel et al., 1979). However, we 
have shown that this protein is not essential for 
sulfide oxidation but rather absolutely required 
for oxidation of intracellularly stored sulfur (Pott 
and Dahl, 1998). In the purple nonsulfur bacte-
rium Rhodovulum sulfidophilum the Sox enzyme 
system that catalyzes the oxidation of thiosulfate 
to sulfate (see above), is also indispensable for 
the oxidation of sulfide in vivo (Appia-Ayme 
et al., 2001). However, in Alc. vinosum mutants 
deficient of either flavocytochrome c (Reinartz 
et al., 1998), sox genes or both (D. Hensen, 
B. Franz and C. Dahl, unpublished) sulfide oxida-
tion proceeds with wild-type rates indicating that 
that SQR plays the main role in sulfide oxidation 
in this organism.

It should be noted that cytochromes without 
flavin groups have also been proposed to medi-
ate electron transfer from sulfide to the reaction 
center in some purple sulfur bacteria (Fischer, 
1984; Brune, 1989; Leguijt, 1993).

C. Oxidation of Polysulfides

As outlined above, polysulfides appear to be the 
primary product of the oxidation of sulfide in pur-
ple sulfur bacteria. It is therefore not astonishing 
that those members of the Chromatiaceae that 
have been studied with respect to the utilization 
of externally added polysulfides with an average 
chain length of 3–4 sulfur atoms (Alc. vinosum 
and Tca. roseopersicina) readily used these com-
pounds as photosynthetic electron donors (van 
Gemerden, 1987; Steudel et al., 1990; Visscher et al., 

1990). It is currently unknown how polysulfides 
are converted into sulfur globules. Theoretically 
this could be a purely chemical, spontaneous proc-
ess as longer polysulfides are in equilibrium with 
elemental sulfur (Steudel et al., 1990). However, 
we have shown that Alc. vinosum sulfur globules 
do not contain major amounts of sulfur rings but 
probably consist of long-chains of sulfur with 
organic residues at one or both ends (Prange 
et al., 1999; Prange et al., 2002a). Such organylsul-
fanes must eventually be formed by an unknown 
(enzymatic) mechanism.

D. Uptake of External Sulfur

Very many purple sulfur bacteria including Alc. 
vinosum are able to oxidize externally supplied 
solid, virtually insoluble elemental sulfur (Table 1). 
This step – although very important in the global 
sulfur cycle – is hardly understood.

The formal valence of elemental sulfur is zero. 
Elemental sulfur tends to catenate and to form 
chains with various lengths (polymeric sulfur) or 
ring sizes (Steudel and Eckert, 2003). All sulfur 
and allotropes are hydrophobic, not wetted by 
water and hardly dissolvable in water (Steudel, 
1989). The most stable form of elemental sulfur 
at ambient pressure and temperature is cyclic, 
orthorhombic α-sulfur (α-S

8
) (Steudel, 2000). 

Polymeric sulfur consists mainly of chain-like 
macromolecules but the presence of large Sn rings 
with n>50 is likely (Steudel and Eckert, 2003). 
Commercially available elemental sulfur sublimed 
at ambient temperature (“flowers of sulfur”) con-
sists of S

8
 rings, traces of S

7
 rings which are respon-

sible for the yellow colour and varying amounts 
of polymeric sulfur. The bonding energy between 
S–S bonds in polymeric sulfur is 2.4 kJ mol−1 
weaker than in cyclo-octasulfur (Steudel and Eckert, 
2003) and it might therefore be more accessible for 
sulfur-oxidizing bacteria (Franz et al., 2006).

Enzymes catalyzing the uptake and oxidation 
of externally added elemental sulfur have not yet 
been isolated from any species of phototrophic 
sulfur bacteria. The process must include binding 
and/or activation of the sulfur as well as trans-
port inside of the cells. In principle, two differ-
ent strategies would be possible: physical contact 
of the cells to their insoluble substrate and direct 
electron transfer from the cell envelope to the 
substrate via outer membrane proteins (Myers 
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and Myers, 2001) or excretion of reducing sub-
stances, e.g. low molecular weight thiols that 
can act on substrate distant from the cells. Both 
possibilities are discussed in detail in the chap-
ter by Hanson. Generally, little information is 
available about adhesion to and attack of extra-
cellular sulfur. Leaching sulfur-oxidizing bac-
teria like Acidithiobacillus ferrooxidans appear 
to follow the first pathway and attach to sulfur 
by extracellular polymeric substances, specifi-
cally, lipopolysaccharides (Gehrke et al., 1998). 
Structures, attached to the cell wall (the so-called 
“spinae”) have been postulated to mediate adhe-
sion of a green sulfur bacterium to extracellularly 
deposited sulfur (Pibernat and Abella, 1996). In 
all cases so far, a reaction activating elemental 
sulfur prior to its oxidation is postulated, due to 
the stability and low water solubility of the sub-
strate. In case of cyclo-octasulfur this activation 
reaction could be an opening of the S

8
 ring by 

nucleophilic reagents, resulting in the forma-
tion of linear inorganic or organic polysulfanes. 
In addition, the reduction of elemental sulfur to 
water-soluble sulfide is discussed. Both reactions 
could be carried out by thiol groups of cysteine 
residues. Along this line, it was proposed for 
Acidithibacillus and Acidiphilium that extracellu-
lar elemental sulfur is mobilized by thiol groups 
of special outer membrane proteins and trans-
ported into the periplasmic space as persulfide 
sulfur (Rohwerder and Sand, 2003). Experimetal 
evidence for the existence of an outer membrane 
protein involved in cell-sulfur adhesion in this 
organism was obtained by Ramírez et al. (2004). 
In this respect it might be interesting to note that a 
gene encoding a potential outer membrane porin 
is found in the sulfur gene cluster of Hlr. halo-
phila where it is situated immediately upstream 
of genes encoding a potential flavocytochrome c 
(Fig. 2). For Alc. vinosum we recently obtained 
first experimental evidence that an intimate phys-
ical cell-sulfur contact is indeed a prerequisite for 
uptake of elemental sulfur (Franz et al., 2006).

In our model organism Alc. vinosum the first 
step during oxidation of externally supplied sul-
fur is the accumulation of sulfur in intracellular 
sulfur globules which are then further oxidized to 
sulfate. XANES measurements provided evidence 
that Alc. vinosum uses only or at least strongly pre-
fers the polymeric sulfur (sulfur chains) fraction 
of commercially available elemental sulfur and is 

probably unable to take up and form sulfur glob-
ules from cyclo-octasulfur (Franz et al., 2006). 
We did not find evidence for the formation of 
intermediates like sulfide or polysulfides during 
uptake of elemental sulfur. One might speculate 
that “sulfur chains” rather than the more stable 
“sulfur rings” are the microbiologically preferred 
form of elemental sulfur also for other sulfur-oxi-
dizing bacteria.

E. Sulfur Globules and Their Properties

In anoxygenic phototrophic sulfur bacteria, sulfur 
appears to be generally deposited outside of the 
cytoplasm. Green sulfur bacteria and purple sulfur 
bacteria of the family Ectothiorhodospiraceae 
form extracellular sulfur globules while the globules 
are located in the periplasmic space in members 
of the family Chromatiaceae (Pattaragulwanit 
et al., 1998).

Despite the different site of deposition (out-
side or inside the confines of the cell) the sulfur 
appears to be of a similar speciation in the dif-
ferent groups of phototrophic sulfur bacteria: The 
exact chemical nature of the “elemental sulfur” 
in bacterial sulfur globules has been a matter of 
debate for many years (for a detailed historical 
account consult Dahl and Prange (2006). In most 
investigations, methods were used that required 
extraction of the sulfur globules from the cells 
prior to analysis (e.g. X-ray diffraction, (Hageage 
et al., 1970) ) which causes changes in the chemi-
cal structure of the sulfur (Prange et al., 2002a). 
Only recently, X-ray absorption near-edge 
structure (XANES) spectroscopy at the sulfur K-
edge using synchrotron radiation was introduced 
as an in situ approach to investigate the sulfur 
speciation in intact bacterial cells (Prange et al., 
1999; Pickering et al., 2001; Prange et al., 2002a). 
A detailed description of these methods is given 
in the chapter by Prange et al. XANES spec-
troscopy yielded the following results for pho-
totrophic sulfur bacteria: irrespective of whether 
the sulfur is accumulated in globules inside or 
outside the cells, it mainly consists of long sulfur 
chains very probably terminated by organic resi-
dues (mono-/bis-organyl polysulfanes) in purple 
and also in green sulfur bacteria. Most probably, 
the organic residue at the end of the sulfur chains 
present in the sulfur globules is glutathione or very 
similar to glutathione (Prange et al., 2002a). This 
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hydrophilic residue could be responsible for 
maintaining the sulfur in a “liquid” state at ambi-
ent pressure and temperature. Earlier speculations 
and proposals that reduced glutathione (probably 
in its amidated form) could act as a carrier mol-
ecule of sulfur to and from the globules (Bartsch 
et al., 1996; Pott and Dahl, 1998) are supported 
by the XANES spectroscopy results (Prange et al., 
2002a). Furthermore, XANES spectroscopy 
yielded evidence that the sulfur chains in glob-
ules of Alc.vinosum are gradually shortened dur-
ing oxidation of intracellularly stored sulfur to 
sulfate (Prange et al., 2002b). It should be men-
tioned that some controversy has arisen about the 
interpretation of data acquired by XANES spec-
troscopy: Investigations of phototrophic sulfur 
bacteria by two different groups (Pickering et al., 
2001; Prange et al., 2002a) yielded partly com-
parable experimental data but were interpreted in 
quite a different way. Pickering et al. (2001) con-
cluded on the basis of theoretical considerations 
that the sulfur is “simply solid S

8
”.The discrepan-

cies are mainly based on the measurement mode 
(George et al., 2002; Prange et al., 2002c). The 
model for the sulfur globules of Alc.vinosum that 
corresponds best with the available experimental 
data consists of long sulfur chains terminated by 
organic groups as was suggested by Prange et al. 
(Kleinjan et al., 2003). Sulfur of sulfur globules 
isolated in the presence of oxygen from anaerobi-
cally grown Alc.vinosum was found as S

8
 rings 

(Prange et al., 2002a), indicating the influence of 
oxygen and the necessity of in situ methods like 
XANES spectroscopy that can be applied to avoid 
destruction of the original sulfur environment.

While sulfur globules appear to be more or 
less evenly distributed in many species of the 
Chromatiaceae, they can have very special and 
conspicuous localizations in other species. In 
Allochromatium warmigii for example, glob-
ules are predominantly located at the two poles 
of the cell. Dividing cells form additional sulfur 
globules near the central division plane. In Lam-
probacter modestohalophilus the sulfur globules 
appear in the center of cells, while they are found 
in the peripheral part of the cells that is free of gas 
vesicles in species of the genera Lamprocystis 
and Thiodictyon. Sulfur globules are also found 
in the cell periphery in Thiopedia rosea (Imhoff, 
2005a). For Thiorhodovibrio winogradskyi a 
formation of up to ten small sulfur globules in 

a row along the long cell axis has been reported 
(Overmann et al., 1992). The specialized arrange-
ment of sulfur inclusions suggests an important 
structure function relationship.

The sulfur globules in the Chromatiaceae 
are enclosed by a protein envelope, a feature 
shared by most if not all of the chemotrophic 
sulfur-oxidizing bacteria that form intracellu-
lar sulfur globules (Brune, 1995a; Dahl, 1999; 
Dahl and Prange, 2006). In Alc. vinosum this 
envelope is a monolayer of 2–5 nm consisting 
of three different hydrophobic “sulfur globule 
proteins” (Sgps) of 10.5 kDa, 10.6 kDa (SgpA 
and SgpB) and 8.5 kDa (SgpC), while that of 
the related Thiocapsa roseopersicina contains 
only two proteins of 10.7 and 8.7 kDa (Brune, 
1995a; Pattaragulwanit et al., 1998). In Alc. 
vinosum the sulfur globule proteins are syn-
thesized with cleavable amino-terminal signal 
sequences implying Sec-dependent transport 
across the cytoplasmic membrane and finally 
a periplasmic localization of the proteins and 
therefore the whole sulfur globules. The tar-
geting process was experimentally verified 
with phoA fusions in E. coli (Pattaragulwanit 
et al., 1998) and also in Alc. vinosum (Prange 
et al., 2004). Electron micrographs of two other 
species of the family Chromatiaceae (Thiocystis 
violaceae and Tca. roseopersicina) provided 
further support for an extracytoplasmic localiza-
tion of the sulfur globules (Pattaragulwanit et 
al., 1998).

The two larger sulfur globule proteins (SgpA 
and SgpB) of Alc.vinosum are homologous to 
each other and to the larger protein of Tca. rose-
opersicina. The smaller sulfur globule proteins 
(SgpC) in Alc. vinosum and Tca. roseopersicina 
are also homologous, indicating that these pro-
teins are highly conserved between different spe-
cies of the family Chromatiaceae. Interestingly, 
all three sulfur globule proteins are rich in gly-
cine and aromatic amino acids, particularly tyro-
sine. The amino acid sequences contain tandem 
repeats typically found in cytoskeletal keratin or 
plant cell wall proteins suggesting that they are 
structural proteins rather than enzymes involved 
in sulfur metabolism (Brune, 1995a). A direct/
covalent attachment of chains of stored sulfur to 
the proteins enclosing the globules is unlikely as 
none of the Sgp proteins sequenced so far con-
tains cysteine residues.
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Little is known about the function of the sulfur 
globule proteins. Proteinaceous envelopes have 
never been reported for extracellular sulfur glob-
ules. Consistent with this observation, neither 
the complete genome sequences of several green 
sulfur bacteria (Frigaard and Bryant, 2008) nor 
the Hlr. halophila genome contain homologues of 
Alc. vinosum sgp genes. As outlined above, the 
sulfur speciation in sulfur globules of anoxygenic 
phototrophic bacteria is nearly identical irrespec-
tive whether it is accumulated in globules inside 
or outside the cells. It therefore appears that the 
Sgp proteins themselves are not responsible for 
keeping the sulfur in a certain chemical structure. 
Ideas have been promoted, that the protein enve-
lope serves as a barrier to separate the sulfur from 
other cellular constituents (Shively et al., 1989) 
and/or that it provides binding sites for sulfur-
metabolizing enzymes (Schmidt et al., 1971). In 
Alc. vinosum mutants SgpA and SgpB can replace 
each other in the presence of SgpC (Pattaragul-
wanit et al., 1998; Prange et al., 2004). A mutant 
possessing SgpA and SgpB but lacking SgpC 
can grow on sulfide and thiosulfate. This mutant 
forms significantly smaller sulfur globules. SgpC 
therefore probably plays an important role in sul-
fur globule expansion. SgpA and SgpB are not 
fully competent to replace each other as sulfur 
globule formation is not possible in mutants pos-
sessing solely SgpA or SgpB. Experiments with 
a sgpBC– double mutant clearly showed that an 
envelope is indispensable for the formation and 
deposition of intracellular sulfur. Neither sulfide 
nor thiosulfate is oxidized by this mutant (Prange 
et al., 2004). In Alc. vinosum cell survival is 
absolutely dependent on the presence of at least 
SgpA even under conditions that do not allow 
sulfur globule formation (Prange et al., 2004). 
All three sgp genes of Alc.vinosum form sepa-
rate transcriptional units (Pattaragulwanit et al., 
1998). All are constitutively expressed, however, 
the expression of sgpB and sgpC is significantly 
enhanced under photolithoautotrophic compared 
to photoorganoheterotrophic conditions. The 
sgpB gene is expressed ten times less than sgpA 
and sgpC implying that SgpA and SgpC are the 
“main proteins” of the sulfur globule envelope 
(Prange et al., 2004).

Sulfur globules can also serve as an electron 
acceptor reserve that allows a rudimentary anaerobic 
respiration with sulfur. Under anoxic conditions 

in the absence of light purple sulfur bacteria 
like Alc. vinosum can reduce stored sulfur back 
to sulfide (van Gemerden, 1968; Trüper, 1978). 
Nothing is known about the enzymatic mecha-
nisms underlying these processes.

F. Oxidation of Stored Sulfur to Sulfite

The oxidative degradation of these sulfur depos-
its is one of the most poorly understood areas 
of sulfur metabolism. In the case of extracellu-
larly deposited sulfur, this process does not only 
involve oxidation of the sulfur but must include 
binding, activation and transport into the cells 
(see above).

The only gene region known so far to be essen-
tial for oxidation of stored sulfur was localized 
by interposon mutagenesis in Alc. vinosum (Pott 
and Dahl, 1998; Dahl et al., 2005). Fifteen open 
reading frames, designated dsrABEFHCMKL-
JOPNRS, were identified (Figs. 2 and 3). A very 
similar gene cluster is found in Hlr. halophila 
(Fig. 2), which contains in addition, genes encod-
ing putative regulatory proteins and proteins pos-
sibly involved in sulfate transport downstream of 
dsrN. In Alc. vinosum, the dsrAB products form 
the cytoplasmic α

2
β

2
-structured sulfite reductase. 

This protein is closely related to the dissimilatory 
sulfite reductases from sulfate-reducing bacteria 
and archaea (Hipp et al., 1997). The prosthetic 
group of DsrAB is siroamide-[Fe

4
S

4
] with siroa-

mide being an amidated form of the classical 
siroheme (Lübbe et al., 2006). The dsrN-encoded 
protein resembles cobyrinic acid a, c diamide 
synthases and catalyzes the glutamine-dependent 
amidation of siroheme. A ∆dsrN mutant showed 
a reduced sulfur oxidation rate. Alc. vinosum is 
apparently able to incorporate siroheme instead 
of siroamide into sulfite reductase, thereby 
retaining some function of the enzyme (Lübbe 
et al., 2006). Adjacent to dsrAB the dsrEFH 
genes are located. The products of these three 
genes show significant similarity to each other. 
DsrEFH were purified from the soluble frac-
tion and constitute a soluble α

2
β

2
γ

2
-structured 

75-kDa holoprotein (Dahl et al., 2005). DsrC 
is a small soluble cytoplasmatic protein with a 
highly conserved C-terminus including two con-
served cysteine residues. Proteins closely related 
to DsrEFH and DsrC have recently been shown 
to act as parts of a sulfur relay system involved 
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in thiouridine biosynthesis at tRNA wobble posi-
tions in E. coli (Numata et al., 2006; Ikeuchi 
et al., 2006). The dsrM-encoded protein is pre-
dicted to be a membrane-bound b-type cytochrome 
and shows similarities to a subunit of heterodi-
sulfide reductases from methanogenic archaea. 
The cytoplasmic iron–sulfur protein DsrK exhib-
its relevant similarity to the catalytic subunit of 
heterodisulfide reductases. DsrK is predicted to 
reside in the cytoplasm. DsrP is another integral 
membrane protein. The periplasmic proteins 
DsrJ and DsrO are a triheme c-type cytochrome 
and an iron–sulfur protein, respectively. DsrKJO 
were co-purified from membranes pointing at the 
presence of a transmembrane electron-transport-
ing complex consisting of DsrMKJOP (Dahl 
et al., 2005). Individual in frame deletions of the 
dsrMKJOP genes lead to the complete inability 
of the mutants to oxidize stored sulfur (Sander 
et al., 2006). In accordance with the suggestion 
that related complexes from dissimilatory sulfate 
reducers transfer electrons to sulfite reductase 
(Pires et al., 2006), the Alc. vinosum Dsr complex 
is co-purified with sulfite reductase, DsrEFH and 
DsrC (Dahl et al., 2005). DsrL is a cytoplasmic 
iron–sulfur flavoprotein with NADH: acceptor 
oxidoreductase activity (Y. Lübbe and C. Dahl, 
unpublished). In frame deletion of dsrL com-
pletely inhibited the oxidation of stored sulfur 
(Lübbe et al., 2006). DsrR and DsrS are soluble 
cytoplasmic proteins of unknown function. The 
dsr genes, with the exception of the constitutively 
expressed dsrC, are expressed and the encoded 
proteins are formed at a low basic level even in 
the absence of sulfur compounds. An increased 
production of all Dsr proteins is induced by 
sulfide and/or stored sulfur (Dahl et al., 2005).

The mechanism by which the periplasmically 
stored sulfur is made available to the cytoplasmic 
sulfite reductase is unclear. In sulfate-reducing 
bacteria dissimilatory sulfite reductase catalyzes 
the six electron reduction of sulfite to sulfide. 
It has therefore been proposed that the sulfur is 
reductively activated, transported to and further 
oxidized in the cytoplasm by sulfite reductase 
operating in reverse. Different models have been 
suggested to explain the roles of the dsr-encoded 
proteins in such a scenario (Dahl et al., 2005; Pott 
and Dahl 1998). A modified model is shown in 
Fig. 4. Here, the NADH: acceptor oxidoreductase 
activity of DsrL is taken into account. Interestingly, 

the protein carries a thioredoxin motif CysXX-
Cys immediately preceding the carboxy-terminal 
iron–sulfur cluster binding sites. This indicates a 
potential disulfide reductase activity. Therefore, 
the possibility exists that DsrL uses NADH as 
electron donor for reduction of a di- or persulfidic 
compound. DsrL could be involved in the reductive 
release of sulfide from a carrier molecule – prob-
ably an organic perthiol – that may transport sul-
fur from the periplasmic sulfur globules to the 
cytoplasm where it is further metabolized by Dsr 
proteins (Dahl et al., 2005). Glutathione amide 
is a likely candidate for carrying sulfur from the 
periplasm to the cytoplasm. Glutathione amide 
bears an amide group at the glycyl moiety of glu-
tathione and is especially resistant to autoxida-
tion. The compound was found to be largely in 
the persulfidic state when Alc. vinosum was cul-
tured photoautotrophically on sulfide (Bartsch 
et al., 1996). Recently, transporters have been 
characterized in E. coli mediating export (Pittman 
et al., 2005) and import (Suzuki et al., 2005) 
of glutathione. Shuttling of glutathione amide 
between cytoplasm and periplasm in purple 
sulfur bacteria like Alc. vinosum, therefore also 
appears feasible. DsrL, being an essential pro-
tein for sulfur oxidation, is co-purified with the 
sulfite reductase (Y. Lübbe and C. Dahl, unpub-
lished). Sulfide released from the perthiol could 
therefore be directly passed to dsrAB-encoded 
sulfite reductase thereby reducing losses caused 
by evaporation of gaseous H

2
S. Obviously, Alc. 

vinosum sulfite reductase specifically interacts 
with the soluble protein DsrL on one hand and 
with membrane-bound Dsr proteins and DsrE-
FHC on the other hand. Electrons released from 
the oxidation of sulfide by sulfite reductase may 
be fed into photosynthetic electron transport via 
DsrC and DsrMKJOP, which would be analogous 
to the pathway postulated for sulfate reducers, 
operating in the reverse direction. DsrM could 
operate as a quinone reductase, DsrP as a quinol 
oxidase and finally the c-type cytochrome DsrJ 
would be reduced (Dahl et al., 2005). From here, 
electrons could be transferred to HiPIP, the pri-
mary electron donor to the photosynthetic reaction 
center (Vermeglio et al., 2002). The function of 
DsrEFH remains unclear, but as it occurs exclu-
sively in sulfur oxidizers and shows some interaction 
with DsrC, it may be important for the pathway to 
operate in the sulfide oxidizing direction. On the 
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other hand, sulfur transfer reactions as performed 
by the related TusBCD and TusE proteins in E. 
coli (Ikeuchi et al., 2006) could be important for 
the Dsr-catalyzed sulfite formation pathway. As 
there is no experimental evidence available in 
this direction so far, this possibility is not taken 
into account in the model presented in Fig. 4.

G. Oxidation of Sulfite to Sulfate

In the final step of sulfur compound oxidation 
in purple sulfur bacteria, sulfite is oxidized to 
sulfate. Some purple sulfur bacteria can also 
grow on externally supplied sulfite (Table 1). 
As evident from Fig. 4 sulfite arising from the 
oxidation of more reduced sulfur compounds 
is generated in the bacterial cytoplasm. Two 
fundamentally different pathways for sulfite 

oxidation have been rather well characterized 
in a number of chemotrophic and phototrophic 
sulfur oxidizers (Kappler and Dahl, 2001): (a) 
direct oxidation by a, probably molybdenum-
containing, sulfite dehydrogenase (EC 1.8.2.1); 
and (b) indirect, AMP-dependent oxidation via 
the intermediate adenylylsulfate (adenosine 5′-
phosphosulfate, APS).

The simultaneous presence of both enzymatic 
activities has been established for a number of 
chemo- and photolithotrophic sulfur oxidizers 
belonging to the β- and γ-Proteobacteria (e.g. 
Thiobacillus denitrificans, Thiobacillus thioparus, 
Allochromatium vinosum, strains of Thiocapsa 
roseopersicina) and green sulfur bacteria (Trüper 
and Fischer, 1982; Brune, 1995b; Kappler and 
Dahl, 2001). So far, there is no evidence for an 
occurrence of the sulfite-oxidizing form of the 
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group of sulfite reductase.



Chapter 15 Sulfur Metabolism in Purple Sulfur Bacteria 309

APS reductase pathway in Alphaproteobacteria or 
in Ectothiorhodospiraceae. In accordance, poten-
tial APS reductase genes (aprBA, see below) are 
not found in the genome of Hlr. halophila. It has 
to be kept in mind that in some cases (Beggiatoa, 
Chromatiaceae, green sulfur bacteria) the occur-
rence of one or both sulfite oxidation pathways 
can vary between different strains of the same 
genus or between genera of the same family (Kap-
pler and Dahl, 2001; Frigaard and Bryant, 2008).

1. Indirect Pathway via Adenylylsulfate (APS)

During indirect sulfite oxidation, APS is formed 
from sulfite and AMP by APS reductase (EC 
1.8.99.2). In a second step the AMP moiety of 
APS is transferred either to pyrophosphate by 
ATP sulfurylase (ATP:sulfate adenylyltrans-
ferase, EC 2.7.7.4), or to phosphate by adeny-
lylsulfate:phosphate adenylyltransferase (APAT, 
formerly ADP sulfurylase (Brüser et al., 2000) ), 
resulting in the formation of ATP or ADP, respec-
tively. Since ADP can be converted to ATP and 
AMP by adenylate kinase, both sulfate-liberating 
enzymes catalyze substrate phosphorylations, 
which are of energetic importance, especially 
in chemolithoautotrophic bacteria (Peck, 1968). 
The APS pathway can also function in sulfate 
reduction, serving assimilatory and dissimilatory 
purposes. While the APS reductases from dis-
similatory sulfate reducers resemble the enzymes 
found in sulfur oxidizers (Hipp et al., 1997), 
the APS reductases functioning in assimilatory 
sulfate reduction studied so far are completely 
different enzymes related to 3′-phosphoadenos-
ine-5′-phosphosulfate (PAPS) reductases (Bick 
et al., 2000; Kopriva et al. 2001). Concerning 
this topic, consult also the chapter by Kopriva 
et al. in this book.

Indirect AMP-dependent oxidation of sulfite to 
sulfate via APS (Fig. 3) occurs in the bacterial 
cytoplasm with APS reductase being membrane-
bound (e.g. in many Chromatiaceae) or soluble, 
and ATP sulfurylase and APAT being soluble 
enzymes (Brune, 1995a; Brüser et al., 2000). In 
Alc. vinosum the genes for ATP sulfurylase (sat) 
and APS reductase (aprMBA, with aprM encod-
ing a putative membrane anchor) form an operon 
( (Hipp et al., 1997), A. Wynen, H. G. Trüper, 
C. Dahl, unpublished, GenBank No. U84759, Fig. 2). 

In the genomes of four green sulfur bacteria the 
genes for ATP sulfurylase and APS reductase are 
located directly adjacent to each other (Frigaard 
and Bryant, 2008). Genes related with aprM are 
not present. Instead, the green sulfur bacterial 
APS reductase and ATP sulfurylase genes are 
always clustered with genes encoding a Qmo 
complex (qmoABC). A closely related complex 
was biochemically characterized from the sulfate 
reducer Desulfovibrio vulgaris, shown to have 
quinol-oxidizing activity and proposed to deliver 
electrons form membrane-bound quinols to APS 
reductase (Pires et al., 2003). In phototrophic 
sulfur oxidizers containing qmo genes, the situa-
tion could just be opposite and the Qmo complex 
could accept electrons from APS reductase oper-
ating in the sulfite-oxidizing direction. We pro-
pose that the membrane protein AprM serves an 
analogous function in Alc. vinosum.

APS reductase activity is usually measured as 
AMP-dependent sulfite oxidation with ferricya-
nide or c-type cytochromes. Substrate inhibition 
by AMP is characteristic for APS reductases (Taylor, 
1994; Hagen and Nelson, 1997). All investigated 
dissimilatory APS reductases irrespective of met-
abolic type have been characterized as heterodimers 
with one α-subunit of 70–75-kDa (1 FAD) and 
one β-subunit of 18–23 kDa (2 [4Fe-4S] centers) 
(Fritz et al., 2000). Additional subunits mediat-
ing membrane association may be present (Hipp 
et al., 1997). The heme groups originally reported 
for the enzyme from the purple sulfur bacterium 
Thiocapsa roseopersicina were due to a con-
taminating protein (Brune, 1995b). A catalytic 
mechanism has been proposed in which sulfite 
initially forms a complex with the flavin  (Brune 
(1995b) and references therein). This then reacts 
with AMP to yield APS, releasing two electrons 
that are transferred via the flavin to the iron–sul-
fur centers.

The best characterized ATP sulfurylase (Sat) 
from a sulfur-oxidizing bacterium is the enzyme from 
the endosymbiont of the hydrothermal vent worm 
Riftia pachyptila (Renosto et al., 1991; Beynon 
et al., 2001). Like all other ATP sulfurylases the 
enzyme is strictly Mg2+-dependent. The V

max
 of 

ATP synthesis is seven times higher than that 
of molybdolysis, the assay used for measuring 
the APS-producing reaction. The Riftia sym-
biont enzyme also has a higher k

cat
 for the ATP 

synthesis direction (257 s−1 compared to 64 s−1 
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for the assimilatory enzyme from Penicillium 
chrysogenum that works in the sulfate activat-
ing direction (Renosto et al., 1991) ). The native 
enzyme appears to be a dimer (MW 90 kDa) com-
posed of identical size subunits (396 residues). 
The ATP sulfurylase from Alc. vinosum is isolated 
as a monomer with an apparent molecular mass 
of 45 kDa (A. Wynen, C., Dahl, H. G. Trüper, 
unpublished). More information is available for 
ATP sulfurylases from sulfate-assimilating or sul-
fate-reducing organisms in which the activation of 
the chemically extremely inert sulfate by adeny-
lylation is the relevant reaction. Two completely 
different, unrelated types of ATP sulfurylase 
can be distinguished: The heterodimeric CysDN 
type occurs exclusively in sulfate-assimilating 
prokaryotes, e.g., E. coli (Leyh, 1993). The other 
ATP sulfurylases characterized in sufficient detail 
are monomers or homo-oligomers of 41–69 kDa 
(Sperling et al., 1998; Gavel et al., 1998; Yu et al., 
2007). Size variations are due to APS kinase or 
PAPS-binding allosteric domains residing on the 
same polypeptide in some cases. Five highly con-
served regions are present, two of which are rich 
in basic amino acids, suggesting that they may 
participate in binding of MgATP2− and SO

4

2−.
The existence of APAT as an independent entity 

has been questioned for a long time. In 2000 the 
enzyme was finally purified from Thiobacillus 
denitrificans (Brüser et al., 2000): The enzyme 
is a homodimer of 41.4-kDa subunits. The K

M
 

values for APS and phosphate are 300 µM and 
12 mM, respectively. The pH optimum is 8.5–9.0. 
Catalysis is strictly unidirectional and occurs by 
a Ping-Pong mechanism with a covalently bound 
AMP as intermediate. Histidine modification 
suggested a histidine as the nucleotide binding 
residue. APAT is related to galactose-1-phosphate 
uridylyltransferase and diadenosine 5′, 5²′-P1, 
P4-tetraphosphate (Ap

4
A) phosphorylase. Ap

4
′A 

phosphorylase from yeast also has APAT activity 
while APAT from Thiobacillus denitrificans does 
not exhibit Ap

4
A phosphorylase activity. The in 

vivo function of the latter enzyme may therefore 
indeed be the formation of ADP and sulfate from 
phosphate and APS. However, genetic evidence 
for this assumption is currently missing. The in 
vivo role of APAT is especially difficult to assign 
because all organisms with significant APAT 
activity (> 100 mU mg−1 in crude extracts) also 
contain ATP sulfurylase. It has been hypothesized 

that APAT may serve to ensure a high turnover 
of APS under pyrophosphate limiting conditions 
as this enzyme is independent of the energy-rich 
pyrophosphate molecule (Brüser et al., 2000). In 
Alc. vinosum APAT does not appear to be present 
while significant activity was found in strains of 
Tca. roseopersicina (Dahl and Trüper, 1989).

2. Direct Pathway

Two types of enzymes catalyzing direct oxidation of 
sulfite to sulfate are well characterized, the sulfite 
oxidases that can transfer electrons to oxygen, 
ferricyanide and sometime cytochrome c and the 
sulfite dehydrogenases that can use one or both 
of the latter electron acceptors but not oxygen 
(Kappler and Dahl, 2001; Kappler, 2007). The 
oxygen-dependent enzymes are not relevant in 
anoxygenic phototrophic bacteria.

All sulfite dehydrogenases characterized to date 
belong to the sulfite oxidase family of molybdoen-
zymes comprising established sulfite-oxidizing 
enzymes and proteins related to these as well as 
assimilatory nitrate reductases from plants (Hille, 
1996). The active site is formed by a single moly-
dopterin cofactor. Additional redox active centers 
may be present. The best characterized sulfite-
oxidizing enzymes from the sulfite oxidase 
family are those from avian and mammalian 
sources (Kisker et al., 1997) that are homodimers 
containing heme b and molybdenum coordinated 
via an MPT-type molybdenum pterin cofactor, a 
conserved cysteine residue from the enzyme and 
two oxo groups. The SorAB protein from Star-
keya novella (formerly Thiobacillus novellus) was 
the first true bacterial sulfite-oxidizing enzyme to 
be characterized in detail (Kappler et al., 2000; 
Feng et al., 2003; Kappler and Bailey, 2005; 
Raitsimring et al., 2005; Doonan et al., 2006). It is 
a periplasmic heterodimer of a large MoCo-dimer 
domain (40.2 kDa) and a small cytochrome c sub-
unit (8.8 kDa). Its molybdenum pterin cofactor is 
of the MPT-type with a 1:1 ratio between Mo and 
MPT. During catalysis, electrons are sequentially 
transferred to a single heme c

552
 (Em8.0

 = +280 mV) 
located on the smaller subunit and passed on from 
there to a cytochrome c

550
 from the same organ-

ism, thought to be the enzyme’s natural electron 
acceptor. The enzyme exhibits the Ping–Pong 
mechanism that is also found in eukaryotic sulfite 
oxidases and is non-competitively inhibited by 



Chapter 15 Sulfur Metabolism in Purple Sulfur Bacteria 311

sulfate. It is encoded by the sorAB genes, which 
appear to form an operon by themselves. Charac-
terized related proteins also appear to be localized 
in the periplasm and to contain a heme c-binding 
subunit (Myers and Kelly, 2005).

Biochemical studies and most importantly the 
sequencing of a large number of bacterial genomes 
in the past few years revealed that many bacterial 
genes exist that encode proteins belonging into 
the sulfite oxidase family (Kappler, 2007). While 
the well-characterized bacterial sulfite dehydro-
genases are soluble proteins, membrane-bound 
bacterial sulfite-oxidizing enzymes have also 
been reported in the literature (reviewed in Kap-
pler and Dahl, 2001; Kappler, 2007). Most of the 
established or predicted soluble members of the 
sulfite oxidase family are periplasmic enzymes, 
however, some of the proteins belonging to this 
group (however without a biochemically char-
acterized function) are predicted to reside in the 
bacterial cytoplasm (Kappler, 2007). Direct oxi-
dation of sulfite to sulfate in the bacterial cyto-
plasm can, therefore, not generally be excluded.

3. Sulfite Oxidation in Purple Sulfur Bacteria: 
an Unresolved Question

Although enzymes participating in the indirect 
sulfite oxidation pathway in purple sulfur bacteria 
have been studied for more than 30 years (Trüper 
and Rogers, 1971) their in vivo role is still ques-
tionable. In Alc. vinosum APS reductase is clearly 
dispensable (Dahl, 1996): The growth rates of the 
wild type and an APS-reductase-deficient mutant 
show little differences under light-limiting con-
ditions. A difference is observed only at saturat-
ing irradiances. Under these conditions, the wild 
type grows considerably faster, indicating that the 
presence of a second pathway of sulfite oxidation 
allows a higher rate of supply of reducing power 
(Sanchez et al., 2001).

Experiments with cultures grown in the pres-
ence of the molybdate antagonist tungstate indi-
cated that APS reductase-independent sulfite 
oxidation in Alc. vinosum is catalyzed by a molyb-
denum-containing enzyme. Sulfite oxidation was 
severely inhibited by tungstate in an APS-reduct-
ase deficient mutant, suggesting the involvement 
of a classical molydopterin-containing enzyme of 
the sulfite oxidase family (Dahl, 1996). However, 
it should be noted that genes related to sorAB 

cannot be detected in Alc. vinosum nor have the 
proteins been detected using antibodies (e.g. 
against SorAB from Starkeya novella, U. Kappler 
and C. Dahl, unpublished). This finding appears 
even more interesting when we realize that a 
gene homologous to those encoding proteins of 
the sulfite oxidase family is neither present in 
the genome of Hlr. halophila nor in any of the 
green sulfur bacterial genome sequences. As Hlr. 
halophila and some of the green sulfur bacteria 
do not possess genes encoding for the APS path-
way, they must have a different means for sulfite 
oxidation. Frigaard and Bryant (2008) present 
the very attractive speculation that a potential 
protein encoded by three genes resembling those 
for polysulfide reductase from Wolinella succino-
genes (Krafft et al., 1992) could play this role. 
In this regard, it appears rather conspicuous that 
three related genes (Hhal1934, 1935 and 1936) 
are also found in the sulfur gene cluster of Hlr. 
halophila (Fig. 2). Similar to the situation in 
green sulfur bacteria, the molydopterin-binding 
putative active site-bearing subunit (PsrA) would 
be localized in the cytoplasm. On the other hand, 
we have some indications that a soxY-deficient 
mutant of Alc. vinosum is severely impaired in 
the oxidation of sulfite (D. Hensen, B. Franz and 
C. Dahl, unpublished). Clearly, the question of 
sulfite oxidation in phototrophic sulfur bacteria 
will require special attention in the future.
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Summary

After the discovery that anoxygenic, sulfidotrophic photosynthesis can be induced in cyanobacteria, sulfide–
quinone reductase (SQR) was identified and characterized in Oscillatoria limnetica. This was closely fol-
lowed by the study of SQR in the purple bacterium Rhodobacter capsulatus. Subsequently the genes of the 
purple bacterium and of two cyanobacteria, as well as of the hyperthermophilic hydrogen bacterium Aquifex 
aeolicus were cloned, sequenced and expressed in Escherichia coli, and the enzymes were characterized.

Sequence analysis showed that SQR belongs to the disulfide oxidoreductase flavoprotein family, together 
with flavocytochrome c (FCC), another sulfide oxidizing enzyme. All the members of this family are char-
acterized by two redox active cysteines which cooperate with the flavin in the redox cycle. A redox mecha-
nism for SQR is proposed on the basis of site directed mutations of the cysteins and of other amino acid 
residues. Furthermore, a 3d-structural model is derived from the crystal structure of FCC.

The search into the genomes accessible in the internet documents a widely spread occurrence of SQR-
genes in bacteria. From the 19 completed canobacterial genomes, five contain the gene. Phylogenetic 
analysis classifies these genes into at least two clades – SQR-type I and SQR-type II. However, SQR-
like enzymes are not confined to prokaryotes. They occur in the mitochondria of some fungi, as well as 
of all animals for which the genomes have been sequenced. From these eukarytotic SQR-like proteins 
(SQRDL) only the one of fission yeast was isolated and was enzymatically characterized. It is involved 
in heavy metal tolerance, and has therefore been denoted HMT2. Since sulfide has been indentified as a 
gaseous transmitter substance in animals, a possible role for SQRDL signalling is considered.

Finally, phylogenetic scenarious for the descent of SQR from a common ancestor are discussed. 
Two observations are of special interest: (i) The mitochondrial SQRDL is of type II, although the endo-
symbiontic ancestor of mitochondria is considered to be a proteobacterium, which should have had a 
type I-SQR. (ii) The two essential cysteines among the flavoprotein family must have changed positions 
in the primary structure during evolution, thus constituting an example of functional plasticity within 
phylogenies.

Abbreviations: FCC – flavocytochrome c sulfide dehy-

drogenase; HMT2 – heavy metal tolerance factor 2; IEU 

– international enzyme unit (µmoles substrate reacted per 

mg protein and min); SQR – sulfide–quinone reductase; 

SQRDL – sulfide–quinone reductase like protein

1 Unfortunately the acronym “SQR” is also in use for suc-

cinate–quinone oxidoreductase of respiratory chains.

I. Introduction

In the dawn of biological evolution, before cyano-
bacteria developed their photosynthetic water 
oxidation, the world was anaerobic and sulfidic 
(Shen et al., 2001; Anbar and Knoll, 2002). Pho-
tosynthetic bacteria largely used sulfide as the 
hydrogen donor for the assimilation of CO

2
 and 

nitrogen into organic matter. Sulfidotrophy is still 
wide spread among extant bacteria and archaea 
(Blankenship et al., 1995; Brune, 1995; Frie-
drich, 1998; see also the chapter 15 by C. Dahl 
in this volume) and also some cyanobacteria that 
retained the ability to shift back from water to 
sulfide oxidation in photosynthesis under stress 
conditions (Garlick et al., 1977).

The first enzymatic step of sulfidotrophy was 
initially attributed to flavocytochrome c, which 
oxidizes sulfide with cytochrome c (Kusai and 
Yamanaka, 1973). However, further evidence 
(Brune and Trüper, 1986; Reinartz et al., 1999; 
Schütz et al., 1999) is in favour of sulfide–quinone 
oxidoreductase (SQR1), a flavoenzyme belonging 
to the large disulfide oxidoreductase family, like 
glutathione reductase or lipoamide dehydrogenase 
(Shahak et al., 1999; Griesbeck et al., 2000). SQR 
feeds electrons from sulfide into the quinone pools 
of the electron transport chains for energy conser-
vation, either in photosynthesis or respiration.

Meanwhile, genes for SQR have been identi-
fied in numerous genomes, including all domains 
of organisms, except plants. Surprisingly, it is 
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even found in the human genome. The recent dis-
covery that hydrogen sulfide, like NO and CO, 
functions as a “gasotransmitter” substance in 
smooth muscle relaxation and neuronal signal-
ling (Wang, 2002; Boehning and Snyder, 2003), 
tempts into speculating that SQR may be involved 
in adjusting an appropriate sulfide level.

This review updates our earlier accounts on the 
structure and function of cyanobacterial and other 
prokaryotic SQRs (Shahak et al., 1999; Bronstein 
et al., 2000; Griesbeck et al., 2000) in comple-
mentation to the part that deals with sulfide oxi-
dation in purple sulfur bacteria in chapter 15 by 
C. Dahl (in this volume). In addition we give a 
brief account on SQR-like enzymes in eukaryo-
tes, from fungi to humans. Thus we intend to 
widen the view of an ancient enzyme, which is 
gaining new momentum by its possible involve-
ment in cell signalling.

II. Discovery and Development 
of Studies

The ability of cyanobacteria to shift from oxygenic 
to anoxygenic photosynthesis using sulfide as 
hydrogen donor in place of water was an exciting 
discovery. It was regarded as a return to an ear-
lier, more primitive form of photosynthesis (Padan, 
1979, 1989), since it is found widely distributed 
among other extant phototrophic bacteria. Van 
Niel’s ingenious generalization of photosynthesis 
experienced another impressive manifestation. 
The shift occurs under light and oxygen stress and 
is induced by sulfide in various cyanobacteria 
(Garlick et al., 1977). Further studies concentrated 
on the filamentous cyanobacterium Oscillatoria 
limnetica which inhabits the salty ponds of the 
Negev desert. The sulfide-induced cells cata-
lyzed sulfide-dependent CO

2
-fixation, as well as 

nitrogen fixation (Belkin et al., 1982) and hydrogen 
evolution (Belkin and Padan, 1978), under appro-
priate growth conditions. Tracking the inducible 
factor enabling sulfide-dependent photosynthe-
sis led to the discovery and characterization of 
SQR (Shahak et al., 1987, 1992a, 1993; Belkin 
et al., 1988; Arieli et al., 1991, 1994), an enzyme 
(E.C.1.8.5.-) that feeds electrons into the quinone 
pool (reviewed by Shahak et al., 1999; see also 
Bronstein et al., 2000). Subsequently the SQR-genes 
from O. limnetica as well as from the unicellular 

cyanobacterium Aphanothece halophytica have 
been cloned, sequenced and were expressed in 
E. coli (Bronstein et al., 2000), in collaboration 
with an equivalent study on Rhodobacter 
capsulatus (Schütz et al., 1997, 1999).

SQR activity has been detected in the membranes 
of several addional photosynthetic (Chlorobium 
limicola – Shahak et al., 1992b; Allochromatium
 vinosum – Reinartz et al., 1998) as well as chemo-
synthetic bacteria (Paracoccus denitrificans – Schütz 
et al., 1998; Aquifex aeolicus – Nübel et al., 2000). 
Most remarkably, however, SQR activity was also 
found in the mitochondria of invertebrates (Gries-
haber and Völkel, 1998; Parrino et al., 2000) and 
vertebrates (Furne et al., 2001; Yong and Searcy, 
2001). Moreover, a SQR-like enzyme from the 
mitochondria of the fission yeast Schizosaccharo-
mycis pombe has been cloned and sequenced, and 
was expressed in E. coli as a His-tag protein, that 
after purification by Ni-chelate chromatography 
has been characterized in detail. It is known as 
HMT2, since its gene was detected by compen-
sating a mutant defect in heavy metal tolerance 
(Vande Weghe and Ow, 1999, 2001).

A search through current databases reveals 
that the genes for SQR and SQR-like proteins 
(SQRDL) are present in the genomes through-
out all domains of life, by far exceeding the 
phemomenon of sulfidotrophy. A comprehensive 
phylogenetic analysis of SQR-genes by Theissen 
et al. (2003) will be discussed below.

III. Characterization

A. Occurrence and Comparison 
of SQR-Genes

In the early study of Garlick et al. (1977) 11 out 
of 21 cyanobacterial strains where found to be 
capable of facultative anoxygenic photosynthesis 
with sulfide as the electron donor (reviewed by 
Padan, 1979). The phenomenon included strains 
of rather different habitats (aerobic, anaerobic, 
marine and fresh water) and of filamentous as 
well as unicellular types. At present, an inspec-
tion of the NCBI-website with 405 completed 
plus 644 unfinished microbial genome projects 
yields 19 completed cyanobacterial genomes and 
25 in progress. Among these 34 cyanobacteria 10 
strains contain a total of 12 SQR-genes. They are 
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Fig. 1. (continued)

 j                                                              
                                                            ____________I___ 
SyncysI         ------------------------------------------MAQIVVIGAGLGGLPAAY  
Thermosyn       ------------------------------------------MARVVVLGAGIGGLPTAY 
Avar            ------------------------------------------MAHIVIVGAGLGGLPTAY 
Nostoc          ------------------------------------------MAHIVIVGAGLGGLPTAY 
Olim            ------------------------------------------MAHVAVIGAGLAGLPTAY 18 
Aphano          ------------------------------------------MAHIVIVGGGFGGLSAAY 
Rcaps           ------------------------------------------MAHIVVLGAGLGGAIMAY  
SyncysII        --------------------------------------MSALNHQIIVVGGGAAGITVAA
SyncocJA        -----------------------------MQGIGSKGSAAVLRHQIVVVGGGAAGISAAA 
SyncocWH        ----------------------------------MSPSSPSQHHQILIVGGGAAGITVAS 
SyncocRS-1      ----------------------------------MSDSPATVSTKVLIVGGGAAGITVAN 
SyncocRS-2      ---------------------------------------------MLIAGGGTGGVTLAS 
Spombe          ---------------MLTLNSTIKSVTGSFQSASMLARFASTHHKVLVVGGGSAGISVAH 
Homo            MVPLVAVVSGPRAQLFACLLRLGTQQVGPLQLHTGASHAARNHYEVLVLGGGSGGITMAA 
FCC             -----------MTLNRRDFIKTSGAAVAAVGILGFPHLAFGAGRKVVVVGGGTGGATAAK 

                               ↑↑                      ↑ ↑  .:.::*.* .*   *  
                _________  
SyncysI         ELRHYLGKA--------------HQVILISEFPQFTFVPGLVQVGLGHIPLDHMQLNVPM 
Thermosyn       ELKHRLGDR--------------HEVILVSDVDRFTFIPGLVAVALGHNSLERLQVPLET 
Avar            ELRHILPKQ--------------HQVTVISETPDFTFIPSLPWVAMGLTSLESIQVSLQP 
Nostoc          ELRHILPKQ--------------HQVTVISETPYFTFIPSLPWVAMGLTSLESIQVSLQQ 
Olim            ELRHILPRQ--------------HRVTLISDKPNFTFTPSLPWVAFDLTPLERVQLDVGK 64 
Aphano          ELKHLLHGK--------------HKITLISDETTFTFIPSLPWVAFNLRRLEDVQLPLAP  
Rcaps           ELREQVRKE--------------DKVTVITKDPMYHFVPSNPWVAVGWRDRKEITVDLAP  
SyncysII        QLLKQKPKL---------------DLAIVEPCDKHYYQPAWTLVGGGAFAMEDTIKPEQD 
SyncocJA        QLLERQRNL---------------DIAIIEPSDKHYYQPGWTLVGGGIAPLAKFVRDEKT 
SyncocWH        QLLLARRGL---------------DVAILEPSKDHYYQPGWTLVGGGVMTQEQTRRDEAD 
SyncocRS-1      LLRKQRPSL---------------QLTILEPSSDHFYQPGWTLVGGGLMPVERTRRNEVD 
SyncocRS-2      WLRRLDPDV---------------PITLVEPSTQHHYQSGWVLVAGGFIPPEQTSRSEQS 
Spombe          QIYNKFSKYRFANDQGKDTSLKPGEIGIVDGAKYHYYQPGWTLTGAGLSSVAKTRRELAS 
Homo            RMKRKVGAE---------------NVAIVEPSERHFYQPIWTLVGAGAKQLSSSGRPTAS 
FCC             YIKLADPSI---------------EVTLIEPNTDYYTCYLSNEVIGGDRKLESIKHGYDG 
                 :                      .: ::       ↑↑    ↑.  .              
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Fig. 1. (continued)

                                               ______II_____ 
SyncysI         LAKRHGF-KWVQGKVQKIDPLQKRIYTHE--TLNYDYLIIASGAELANDLVPGLGI---Y 
Thermosyn       VSRRHGL-RWVQGKVQRLAPQEKKIYLPEQ-ALDYDYLVIATGAELAVDLIPGLGI---H 
Avar            RLKQKGI-NWILGRVDYLNPQDQKISFGEQ-SITYDYLIIATGAELALDAVAGLGPD-GY 
Nostoc          RLKQKGI-NWILGRVDYLNPQNQKISLGEQ-SISYDYLIIATGAELALDAVAGLGPD-GY 
Olim            LLKGRNI-DWIHGKVNHIDPENKTLVAGEQ-TLEYDYVVVATGPELATDAIAGLGPENGY 122
Aphano          LLARQGI-NWQHGRVTGLDPNQKRVSVGEDITFDYDYLVITTGASLAYHLMSGLGPEEGY 
Rcaps           TMARKNI-DFIPVAAKRLHPAENRVELENGQSVSYDQIVIATGPELAFDEIEGFGPE-GH  
SyncysII        CIP-SGA-KWIKASVASFDPENNCLTLQDGRSLSYEYLVVCPGIQINWHLIPRLQESLG- 
SyncocJA        VIP-RGA-KWIQARVTELDPDHNRVITEDGQVIEYDYLIMAPGIQIDWHLIEGLPEALG- 
SyncocWH        LIP-AGC-SWIRAAAASFEPEANRVITTAGDAISYDALVVATGLQLRWERIKGLEGALG- 
SyncocRS-1      LIP-KGV-TWIQAAASTFDPDQNTVITDAGQRIQYEAMVLATGLQCRWDWIPGLVESLG- 
SyncocRS-2      VLP-PDV-EWIHSRIARFEPAANRVELITGERLHYDVLIVALGLELGWTSIPGLVQALG- 
Spombe          LVP-ADKFKLHPEFVKSLHPRENKIVTQSGQEISYDYLVMAAGIYTDFGRIKGLTEALD- 
Homo            VIP-SGV-EWIKARVTELNPDKNCIHTDDDEKISYRYLIIALGIQLDYEKIKGLPEGFA- 
FCC             LRA-HGI-QVVHDSATGIDPDKKLVKTAGGAEFGYDRCVVAPGIELIYDKIEGYSEEAA- 
                     .        .  : *  : :       . *   ::  *       :          

                _____1______             ___________2___________       
SyncysI         THS--ICTPSHVLEARTAWETFCQQPGDLVVGAAPGT--GCFGPAYEYVLLAEADLRR-R 
Thermosyn       SHS--VCTPAHAVAAQRAWQEFLKEPRDLVVGAAPGA--SCFGPAYEFLFLAEHALRH-H 
Avar            TQS--VCNPHHAIKAFQAWQNFLLAPGPLVVGALPKT--SCLGPAYEFTLLADYVLRK-K 
Nostoc          TQS--VCNPHHAIKAFQAWQNFLLAPGPLVVGALPKT--SCLGPAYEFTLLADYVLRK-Q 
Olim            TQS--VCNPHHALMAKEAWQKFLQDPGPLVVGAVPGA--SCFGPAYEFALLADYVLRR-K 177
Aphano          TQS--VCNAHHAEMARDAWDEFLENPGPLLVGAVPGA--SCMGPAYEFALLADYALRQ-E 
Rcaps           TQS--ICHIDHAEAAGAAFDRFCENPGPIIIGAAQGA--SCFGPAYEFTFILDTALRK-R  
SyncysII        KNG--VTSNYDRRYAPYTWELLQNFKGGNALFTFPATPIKCAGAPQKIMYLADETFRK-N 
SyncocJA        KGG--VTSNYSKDYAPYTWETIRNFQGGTAIFTYPATPIKCGGAPQKIMYMADDVFKSKS 
SyncocWH        RQG--VTSNYSREHLPYTWETISNFPGGTAIFTFPDTPIKCAGAPQKIMYMADDVFKATS 
SyncocRS-1      RNG--VCSNYSNRYAPYTWETIEAFQGGTAIFTMPGTPVKCGGAPQKVMYMADDRFKSRS 
SyncocRS-2      REG--VVSIYSRRFAQDTRRMLERFAGGTAIFTEPETPIKCGGAPQKILHLAHDRFAQRS 
Spombe          DPNTPVVTIYSEKYADAVYPWIEKTKSGNAIFTQPSGVLKCAGAPQKIMWMAEDYWRR-H 
Homo            HPK--IGSNYSVKTVEKTWKALQDFKEGNAIFTFPNTPVKCAGAPQKIMYLSEAYFRK-T 
FCC             AKL-PHAWKAGEQTAILRKQLEDMADGGTVVIAPPAAPFRCPPGPYERASQVAYYLKA-H 

                      ↑   ↑       ↑           : :       *    ↑↑↑        :    
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aligned in Fig. 1, together with the sequences of 
the SQR from R. capsulatus, of the mitochondrial 
SQRDL proteins from fission yeast and man, and 
of FCC from Allochromatium vinosum. In previous 
alignments of fewer sequences we had defined 
certain peptide regions that are significant for 

SQR-proteins (Bronstein et al., 2000; Griesbeck 
et al., 2000; Griesbeck et al., 2002). These are 
pointed out again by horizontal lines above of 
the alignment blocks in Fig. 1. Three FAD-
binding regions which are characteristic for all 
members in the disulfide oxidoreductase family 

                       _________3________ 
SyncysI         GIRDQVKITYITPEPYIGHLGIANMAHSQTLTEALMN--KRGIATLTNAQIVNISSDHIF 
Thermosyn       GLRDRVKITFITPEPYVGHLGIGGLANSDQLTRNLIE--KRGIETITNAEITAIEPHRIL 
Avar            GLREQVSITFVTPEPYAGHLGIGGMANSAELVTKFMA--ERGVEVIENAAVTAIEPNQIH 
Nostoc          GLREQVSITFVTPEPYAGHLGIGGMANSAELVTKFMA--ERGVEVIENVAVTAIEANQIH 
Olim            GMRDRVPITFVTPEPYVGHLGIGGMANSAELVTDLLE--NKGIRVLPNTAVKEIHPEHMD 235
Aphano          GKRDQVPITFISPEPYLGHLGIGGMANSGKLVTELMK--QRNIDWVENAEIAEIKEDHVK 
Rcaps           KIRDKVPMTFVTSEPYVGHLGLDGVGDTKGLLEGNLR--DKHIKWMTSTRIKRVEPGKMV 
SyncysII        GVREKTNITYGVAVG-----KIFGIPGYCESLEKVAA--KKNIDVRYHHNLKAINPNAKE 
SyncocJA        GVGVNTKVIFCTATP-----TLFAVPEYSAALEKVVE--RRGIQVKFRHNLKAIRPETRE 
SyncocWH        GVGVNTKVVFATAGP-----GLFGVPVYARVLKKVVE--ERGIQVLLRHNLKEIRADEQL 
SyncocRS-1      GVGVNTKVMFCTATA-----GIFSVPAYAATLRQVVA--RRGIDARFRWNLVEVRGEEKV 
SyncocRS-2      GVGVSTRYLFCSAKP-----NLFPVPAYAEQMGRIAR--EHGAEIHLNHRLVAVHGSSRE 
Spombe          KVRSNIDVSFYTGMP-----TLFSVKRYSDALLRQNEQLHRNVKINYKDELVEVKGSERK 
Homo            GKRSKANIIFNTSLG-----AIFGVKKYADALQEIIQ--ERNLTVNYKKNLIEVRADKQE 
FCC             KPMSKVIIL-DSSQTFSKQSQF-SKGWERLYGFGTEN---AMIEWHPGPDSAVVKVDGGE 
                    .  :          ↑  :                               :          

                                                               ____________ 
SyncysI         LAD-------------GQSFGFAYSMILPAFRGAKFVK-ASGLGN-ERGFLPVLP-TMR 
Thermosyn       LRD-------------RPVIPFGYSMILPPFRGVPFVR-ASGLGN-EKGFLPLLP-TLQ 
Avar            LGN-------------GRVLPFAYSMLLPPFRGPRFVRQVPGLSN-QDGFIPVLP-TYR 
Nostoc          LGN-------------GRVLPFAYSMLLPPFRGPRFVRQVPGLSN-QDGFIPVLP-TYR 
Olim            LDS-------------GEQLPFKYAMLLPPFRGPAFLREAPELTN-PKGFVPVTN-TYQ 280
Aphano          LTD-------------GREFPFNYSMFLPPFRGAQFLKEVPGLTD-EKGFLPVLD-TYQ 
Rcaps           VEEVTEDGTVK----PEKELPFGYAMMLPAFRGIKALMGIEGLVN-PRGFVIVDQ-HQQ 
SyncysII        ATFTVN---GK----TEVTLPYDIIHVTPPMSAPDFIKNSPLAAE-AGGWVDVDKFTLQ 
SyncocWH        AVFEVSDAEGHL---SSKEIPFSMIHAVPPMSAPDVIAQSPLATSAPGGWVEVDKFSTQ 
SyncocRS-1      AVFEVTPEEGEP---HRQELHFDMLHAVPPMTAPEVVANSPLAGEGPGGWAAADKQTLQ 
SyncocRS-2      AVFAVTEPDGSE---QLQTLHYDLLHVVPPMTAPPVVATSPLASAEPGGWMDVDPASGR  
Spombe          AVFKNLNDG------SLFERPFDLLHAVPSMRSHEFIAKSDLAD--KSGFVAVDQSTTQ 
Homo            AVFENLDKPGE-----TQVISYEMLHVTPPMSPPDVLKTSPVAD--AAGWVDVDKETLQ 
FCC             MMVETAF—GDE--------FKADVINLIPPQRAGKIAQIAGLTN--DAGWCPVDIKTFE 
                                            *.                  *:  :     . 

Fig. 1. (continued) Multiple alignment of SQR-sequences and comparison to FCC. The alignment shows the Clustal format 
obtained via the program T-Coffee (Notredame et al., 2000); the amino acid residues are given in single letter code; residues 
conserved in all types of SQR are underlayed in black, those which are addionally shared by FCC are indicated by a star at the 
bottom of the alignment; similar residues are indicated in two ways: at the bottom by single or double dots for low and high 
similarity in all sequences according to T-Coffee, and by shading the residues of high similarity which are typical for the cyano-
bacteria, but partially also extend into the other sequences; homologous peptide regions are lined and numbered on the top, I-III 
indicating FAD-binding in the disulfide oxidoreductase family, 1–6 indicating homology within SQR-type I (Griesbeck et al., 
2000); arrows at the bottom indicate positions addressed in the text; abbreviations on the left stand for: SyncysI – Synechocystis 
PCC 6803 SQR-type I (accession number NP_942192), Thermosyn – Thermosynechococcus elongates (acc.no. NP_681079), 
Avar – Anabaena variabilis (acc.no. ABA22985), Nostoc – Nostoc PCC 7120 (acc.no. NP_488552), Olim – Oscillatoria limnetica 
(acc.no. AAF72962), Aphano – Aphanotece halophytica (acc.no. AAF72963), Rcaps – Rhodobacter capsulatus (acc.no. CAA66112), 
SyncysII – Synechocystis PCC 6803 SQR-type II (accession number NP_440916), SyncocJA – Synechococcus strain JA-3-3Ab (acc.
no. ABD00861), SyncocWH – Synechococcus strain WH 5701 (acc.no. EAQ74835), SyncocRS – Synechococcus strain RS 9917 
(acc.no. EAQ69368), Spombe – Schizosaccharomyces pombe (acc.no. CAA21882), Homo – homo sapiens (acc.no. AAH16836.1), 
FCC – flavocytocrome c from Allochromatium vinosum preprotein (acc.no. AAB86576); numbers at the right edge of the alignment 
blocks refer to the position in the sequence of O. limnetica, the count starting at the N-terminal M.
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are numbered with I to III, six additional regions 
specific for SQRs are numbered 1–6. Obviously, 
while the FAD-binding peptides are similar 
throughout the alignment of the 15 sequences, the 
other peptides are not. These peptides and over-
all similarities divide the SQR-sequences into 
two groups, which are represented by the upper 
and the lower half of the blocks in Fig. 1. The 
upper part contains six cyanobacterial SQRs plus 
the sequence of the purple bacterium R. capsula-
tus, while the lower part has closer resemblance 
to FCC and joins five cyanobacterial sequences 
with the mitochondrial SQRDL of fission yeast 
and humans. It is remarkable that both types are 
found among cyanobacteria. O. limnetica, Ther-
mosynchococcus elongatus, Aphanotece halo-
phytica, Anabaena variabilis and Nostoc PCC 
7120 contain type I, while all the strains of Syn-
echococcus contain type II. Two cyanobacteria 
contain two SQR-genes. Synechococcus strain 
RS 9917 has two versions of type II, and interestingly 
Synechocystis PCC 6803 contains one gene for 
type I, as well as one for type II.

The majority of the 19 completed cyanobac-
terial genomes lacks any SQR gene, however. 
Only five contain it – Synechocystis PCC 6803 
(type I + type II), Anabaena variabilis (type I), 
Thermosynechocooccus elongatus (type I), Nostoc 
PCC 7120 (type I), and Synechococcus strain 
JA-3-3AB (type II). Seven other genomes of the 
genus Synechococcus lack the gene. It has also 
not been detected in the genomes of Gloeobacter, 
Trichodesmium, or in any Prochlorophyta so far. 
A gene for SQR is also absent from green plants, 
and from bakers yeast Saccharomyces cerevisiae. 
Nevertheless, it is present as a preprotein gene 
targeting for mitochondria in the genomes of 
fission yeast and other fungi, and in all animal 
genomes available so far in the NCBI-website 
(see also Vande Weghe and Ow, 1999). Noteworthy, 
the SQR gene is also found in the genome for the 
diatom Thalassiosira pseudonana.

Fifteen amino acid residues are fully con-
served among both SQR-types in the alignment 
of Fig. 1, twelve of them are also found in FCC. 
They are underlayed in black in Fig. 1, and are 
shown in the 3d-structural model of Fig. 3 as well. 
Most significant are the two conserved cyteines, 
at positions 159 and 346 in the sequence of 
O. limnetica, which form a redox active disulfide 
bridge close to the isoalloxazine ring of FAD (see 

Fig. 2). A few further interesting observations are 
highlighted by arrows on the bottom of the alignment 
blocks (Fig. 1) and are listed below according to the 
position numbers in the sequence of O. limnetica:
– At position −3 lies the putative start of the mature 

SQRDL protein for S.pombe (Vande Weghe and Ow, 

1999) and possibly also for homo, after cleavage of 

the mitochondrial targeting N-terminal extensions 

(Von Heijne et al., 1989). At position −1 lies the 

aminoterminus of mature FCC, the preprotein car-

rying the double-arginine signal (at −26 and −27), 

for export into the periplasmic space (Berks, 1996; 

see below).

– At positions 41, 47, 139 and 166 aromatic/hydro-

phobic residues are found in all SQRs, unlike the 

charged/hydrophilic residues that are present in 

the FCC-sequence. Thus they may be involved 

in binding the quinone which is not the substrate 

for FCC.

– At position 42 an additional cysteine is present in 

FCC which covalently binds the FCC via the 8-

methyl group of the isoalloxazine ring (Chen et al., 

1994).

– The presence of a cysteine at position 127 is char-

acteristic for type I-SQR with its high substrate 

affinities (see Fig. 1 and text above). However, a 

Cys is also found in the first sequence of Synechoc-
occus RS 9917, which clearly belongs to type II, 

as judged by overall homology and the presence 

of an aspartate instead of valine at position 291. It 

would be interesting to test the sulfide affinity of 

this SQR.

– An aspartate instead of valine at position 291 is 

not characteristic for type II-SQR only. It is also 

found in FCC, and even in all other members of the 

disulfide oxidoreductase family (see Griesbeck et al., 

2002). In the crystal structures available position 

291 is close to the ribityl moiety of FAD (see V291 

in Fig. 3).

– Y164E165 might represent the active site base in 

type I (Fig. 2). The two residues are replaced by 

QK in type II, yet are found in FCC. This is intrigu-

ing in view of the low affinity of type II for sulfide, 

while high affinity of both, type I SQR and FCC 

(12.5 µM; Cusanovich et al., 1991).

– The histidines at positions 131 and 196 have been 

considered to contribute to quinone binding, as sug-

gested from inspection of quinone binding sites in 

3d-structures of membrane proteins (Rich and Fisher, 

1999). However, the histidines are not conserved in 

type II. Furthermore, site-directed mutation did not 
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affect the affinity for quinone. Rather the affinity for 

sulfide was decreased (Griesbeck et al., 2002).

B. Properties of the Protein

1. Isolation

SQR was solubilized from thylakoids of sulfide-
induced cells of O. limnetica and A. halophytica 
by mild detergent treatment and was purified by 
ammonium sulfate fractionation and HPLC (Arieli 
et al., 1994; Bronstein et al., 2000). A similar 
procedure was developed for the solubilization 
and purification of the enzyme from chromato-
phores of induced cells of the purple bacterium 
R. capsulatus (Schütz et al., 1997). Later the 
SQR enzymes were isolated as expression pro-
teins from E. coli membranes, with or without 
His-tags (Vande Weghe and Ow, 1999; Bronstein 
et al., 2000; Griesbeck et al., 2002). A particu-
larly convenient isolation protocol was developed 
for the isolation of the expression protein of the 
hyperthermophilic hydrogen bacterium Aquifex 
aeolicus from E. coli membranes, since this SQR 
could be purified to homogeneity in a single heat 
step after solubilization (Schödl, 2003).

2. FAD – the Prosthetic Group

One FAD is bound non-covalently to each pro-
tomer, as suggested by the FAD-binding motifs 
found in the primary structure (see Fig. 2), espe-
cially by the N-terminal βαβ-fold (Wieringa et al., 
1986). Accordingly, partial reconstitution of 
activity of the denatured enzyme was achieved 
with FAD only (Griesbeck, 2001). The redox 
potential E

0
′ for FAD/FADH

2
 is −60 mV (n = 2), 

which is about 160 mV more positive than for free 
flav in (Thauer et al., 1977). This has only been 
determined for SQR from Aquifex aeolicus so far 
(Schödl, 2003), but is expected to be similar for 
the SQRs from O. limnetica, A. halophytica and 
R. capsulatus which belong to type I (see below).

The optical spectra of the purified SQRs are 
characteristic for a flavoprotein, with absorption/
excitation peaks at 280, 375 and 460 nm and an 
emission maximum at 520 nm. The fluorescence 
of SQR is quenched by sulfide at micromolar 
concentrations, and is recovered by the addition 
of quinone (Schütz et al., 1997; Griesbeck et al., 
2002). On this basis a sensitive microsensor 

for sulfide may be developed. However, our 
efforts to do so with the thermostable SQR from 
Aq. aeolicus have failed so far (Schödl, 2003).

3. Enzymatic Activity and Inhibitors

The activity of SQR-type I is characterized by its 
high affinities for both substrates, with K

m
-values 

in the µM range. Membranes, isolated enzymes 
and expression proteins have been studied exten-
sively for the cyanobacterium O. limnetica 
(Arieli et al., 1991, 1994), the purple bacterium 
R. capsulatus (Schütz et al, 1997; Griesbeck, 
2001) and the hydrogen-oxidizing bacterium Aq. 
aeolicus (Nübel et al., 2000; Schödl, 2003). Data 
are also available for membranes of the α-pro-
teobacterium Paracoccus denitrificans (Schütz 
et al., 1998), the green sulfur bacterium 
Chlorobium limicola (Shahak et al., 1992b) 
and the purple sulfur bacterium Allochromatium 
vinosum (Reinartz et al., 1998), as well as for 
the isolated enzyme from the cyanobacterium A. 
halophytica (Bronstein et al., 2000). The specific 
activities in the membranes of these organisms, 
as compiled by Griesbeck et al. (2000), range 
from 0.02 IEU for O. limnetica to 3.5 IEU for Aq. 
aeolicus, reflecting different amounts and possi-
bly also different turnover numbers for the various 
SQR-type I enzymes. Highly effective as inhibi-
tors are quinone analogs, like stigmatellin and 
the akyl-hydroxyquinoline-N-oxides, which are 
known to block also the quinone interaction sites 
of the cytochrome complexes in photosynthesis 
and respiration. In this context it is remarkable that 
antimycin A and myxothiazole are ineffective on 
SQR-activity of the cyanobacterium O. limnetica, 
which operates with plastoquinone, together with 
the cytochrome b6f-complex. Both are efficient 
inhibitors, in the µM range, of the SQRs operat-
ing with ubiquinone and of cytochrome bc1-com-
plexes. Antimycin as well as myxothiazole are 
well known to inhibit quinol/quinone-interaction 
with the bc1-complexes, but are ineffective with 
the b6f-complex. Thus there must be something 
common with respect to the structure of the qui-
none interaction sites of SQR and the cytochrome 
complexes.

The final product of sulfide oxidation in sulfi-
dotrophic organisms is either sulfate or sulfur (see 
Blankenship et al., 1995; and the chapter by C. Dahl 
in this volume), while it is thiosulfate in mitochondria 
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(Grieshaber and Völkel, 1998; Furne et al., 2001). 
For the SQR-reaction proper, the product is ele-
mental sulfur. However, since this is an insoluble 
compound and is deposited outside the cell, the 
immediate products are soluble polysulfides 
(see contribution by C. Dahl), as documented for 
R. capsulatus (Griesbeck et al., 2002).

The only SQR of type II that was studied as 
an isolated expression protein is HMT2 from 
fission yeast (Vande Weghe and Ow, 1999). In 
view of its low affinity to sulfide, with K

m
-val-

ues in the mM range we were initially reluc-
tant to call it SQR (Griesbeck et al., 2000). 
However, since type II-SQR lacks the third 
conserved Cys (Fig. 1), it is possible that the 
enzyme cooperates with another SH-carry-
ing cofactor in vivo. In this respect conserved 
cysteines in neighbouring ORFs of several 
SQR-genes have been considered (Theissen et 
al., 2003). In some cases these ORFs have been 

fused with the SQR-gene. Furthermore, work 
by H. Shibata and S. Kobayashi, Meji Uni-
versity/Japan, in collaboration with David W. 
Ow/USDA – unfortunately still unpublished 
– showed that the affinity of HMT2 as well as 
of SQR-type II from the cyanobacterium Syn-
echocystis PCC 6803 (see below) towards the 
substrates could be substantially increased by 
adding mercaptoethanol or cyanide to the assay 
mixture (personal communication).

A word of caution, on the other hand, regard-
ing the activity measurement is appropriate in this 
context: Quinones are directly reduced by sulfide, 
and this background rate increases with pH, 
the concentrations of the reaction partners, and 
– often not considered – with the presence of cer-
tain detergents. Thus, at substrate concentrations 
in the mM range, if detergent has been used to 
solubilize the SQR and is introduced together with 
SQR it may stimulate the reaction, thus mimicking 

Fig. 2. Proposed mechanism of the reductive half-reaction of SQR. The proposal is a modified version of scheme 1 in Griesbeck 
et al.(2002), and is based on site-directed Cys/Ser-mutants; see text for explanation; the numbers correspond to the positions in 
the sequence of R. capsulatus (Fig. 1).
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the enzyme. In contrast to the enzyme this artefact 
is heat stable (G. Hauska, unpublished).

4. Site-Directed Mutants

The three cysteines C127, C159 and C346, which 
are strictly conserved in SQRs of type I, and sev-
eral other conserved residues have been changed 
in site-directed mutants of R. capsulatus, and 
the effect on activity has been tested in expres-
sion proteins (Griesbeck et al., 2002). All three 
cysteines are essential for the SQR activity, and 
for the quenching of FAD-fluorescence by sulfide. 

For the other members of the disulfide oxidore-
ductase flavoprotein family, only two cysteines 
are essential for activity (Williams, 1992), as 
documented by mutations of the gene for lipoa-
mide dehydrogenase (Hopkins and Williams, 
1995). Perhaps the third cysteine in SQR-type I 
is making up for the second sulfur atom in the 
substrates of disulfide oxidoreductases, allowing 
an efficient oxidation–reduction reaction.

Based on the results of site-directed mutagenesis 
with R. capsulatus a mechanism has been sug-
gested (Griesbeck et al., 2002), which very likely 
also applies to the enzyme from cyanobacteria.

Fig. 3. A structural model. The model was obtained by threading the sequence of the SQR from O. limnetica into the crystal 
structure of FCC from Allochromatium vinosum (Chen et al., 1994; NCBI protein data base PDB: 1FCD), using the LOOPP 
server which is available online at http://cbsuapps.tc.cornell.edu/loopp.aspx (Teodorescu et al., 2004); locations of residues 
conserved and/or discussed for the alignment of Fig. 1 are indicated using the numbering of the sequence from O. limnetica; N-t 
and C-t stand for N- and C-terminus, respectively; the sulphur atoms of the three conserved cysteines are shown as spheres, the 
C4a-atom of the isoalloazine ring is indicated by a small sphere; on the left, part of the second protomer folding which forms 
the dimeric structure of SQR is shown in darker grey.
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5. A Proposed Mechanism

The redox cycle of the disulfide oxidoreduct-
ases like glutathione reductase or lipoamide 
dehydrogenase involves a thiolate-FAD charge 
transfer complex and a covalent C4a-thioad-
duct of the flavin moiety (Williams, 1992). 
In analogy Fig. 2 shows our proposal for the 
reaction mechanism of the reductive inter-
action of sulfide and flavin in SQR-type I, 
with the participation of the three essential 
cysteines. The numbering of the essential resi-
dues in Fig. 2 corresponds to the SQR from 
R. capsulatus. In addition to the coordinated 
action of the cysteines an active site base is 
involved, which subtracts a proton from the SH-
group in the cysteine vicinal to the flavin ring. 
Originally we considered E165 for this role. 
However, mutation of Y164 to leucine led to a 
substantially higher decrease in activity and affin-
ity (C. Griesbeck and G. Hauska, unpublished).

The oxidized state cotains a disulfide bridge 
between C159 and C353 (1), or between C127 and 
C353. The reductive half reaction is considered 
to start with the breaking of the disulfide bridge 
between C127 and C353 by sulfide (2). The formed 
persulfide is split by a second sulfide molecule to 
form free persulfide, which undergoes chemical dis-
proportionation to H

2
S and polysulfides (not shown). 

At the same time a proton is taken from the vicinal 
C153 (3). The resulting thiolate forms a charge 
transfer complex to the flavin (4), followed by 
covalent attachment to the C4a-position which is 
accompanied by proton transfer from the active site 
base to N5 of the flavin ring (5). The C4a-adduct is 
in equilibrium with the anion of the reduced flavin 
(6), which is reoxidized by quinone (not shown).

A more extensive discussion and the descrip-
tion of further mutations can be found in 
Griesbeck et al. (2002). However, one more 
mutant should be considered. As pointed out 
above, SQR-type I differs from type II, FCC 
and the other members of the disulfide oxi-
doreductase family not only by its third con-
served Cys, but also in the third FAD-binding 
region. At position 291/300 for the sequences 
of O. limnetica/R. capsulatus, respectively, a 
valine takes this place in SQR-types I instead 
of the aspartate found in all other cases. This 
may be another reason for the low substrate 
affinities of HMT2 from S.pombe (see above). 

Indeed a V300D-mutant of the SQR-gene from 
R. capsulatus showed drastically increased 
K

m
-values for sulfide as well as for ubiquinone 

(Griesbeck et al., 2002). It is of note, however, 
that FCC which has an aspartate at this site 
(Fig. 1), has a high affinity for sulfide with a 
K

m
-value of 12.5 µM (Cusanovich et al., 1991), 

in spite of having the aspartate in this position.

6. Structural Aspects

The purified and functional SQRs consist of a 
single protein which migrates as a band of about 
55 kDa in SDS-PAGE. From gel filtration the size 
was estimated to range from 67 to 80 kDa, which 
was taken to suggest that the active enzyme is 
composed as a single polypeptide, surrounded by 
20–46 detergent molecules (Arieli et al., 1994). 
Alternatively, however, since the actual M is only 
about 47 kDa when calculated from the primary 
structures (Fig. 1), the functional state of SQR 
may well be dimeric, as it is the case for the other 
members of the disulfide oxidoreductase flavo-
protein family (Williams, 1992). Indeed, ultrafil-
tration experiments of SQR from R. capsulatus 
are in favour of a functional state that is larger 
than the monomer (Schütz et al., 1997).

In Fig. 3 a structural model for SQR from O. 
limnetica, which was obtained by threading the 
sequence into the crystal structure of FCC (Chen et 
al., 1994) is depicted. Noteworthy, a similar model 
for the human SQRDL can be found in the web-
site http.//www.expasy.org/, via the link ModBase, 
where structures for all the proteins in the human 
genomes are suggested. In our model for SQR the 
location of three conserved cysteines and of the 
other residues pointed out for the alignment in Fig. 
1 are shown with respect to the FAD in extended 
structure. The distance from the sulfur atom of the 
vicinal cysteine (C159 in SQR and C161 in FCC) 
to the C4a-atom in the isoalloxazine ring is 3.71 Å. 
By analogy to the blue light receptor phototropin, 
a flavoprotein with FMN (Fedorov et al., 2003), 
this distance should shorten to about 1.8 Å upon 
formation of the covalent thio-adduct, pulling the 
C4a-atom out of the ring plane.

C. Cellular Location

The SQR-enzymes are usually isolated by deter-
gent treatment and are therefore considered to 
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be membrane bound. For chromatophores of 
R. capsulatus also the chaotropic agent NaBr suf-
ficed to detach the enzyme (Schütz et al., 1997). 
It was concluded that in this case the enzyme is 
bound peripherally to the membrane, although 
by hydrophobic interaction. The enzymes of 
O. limnetica (Arieli et al., 1994), Allochromatioum 
vinosum (Reinartz et al., 1998) and Aquifex aeolicus 
(Nübel et al., 2000) are bound more tightly, and 
an integral insertion into the membrane has been 
suggested (Shahak et al., 1999). In view of the 
other similarities within SQR-type I, and since 
solubilization with NaBr has not been tried out 
systematically, further investigation is required to 
establish such a profound difference firmly.

Another problematic aspect with respect to 
function in membrane bound form is the dimeric 
state of functional isolates (see above), in particu-
lar since the dimer is central symmetric (Fig. 3). 
Such a structure on a membrane surface implies 
that only one of the two active centers is func-
tional at a given time, with a possible switching 
between the two centers.

It was demonstrated by PhoA-fusion constructs 
that SQR of R. capsulatus faces the periplasmic 
space (Schütz et al., 1999), in line with the deposi-
tion of elemental sulfur outside the cells (Hansen 
and Van Gemerden, 1972), as it is known for many 
of the sulfide-oxidizing photosynthetic bacteria 
(Brune, 1995). However, no N-terminal exten-
sion as export signal into the periplasmic space 
is present in the bacterial SQR-squences, neither 
for the Sec-dependent nor for the Sec-independent 
pathway (Berks, 1996). The latter is characterized 
by a double RR-motiv, which is found-for FCC 
only (Fig. 1). Translocation of SQR depends on 
the C-terminal region and obviously uses a third 
pathway (Schütz et al., 1999), as discussed more 
extensively by Griesbeck et al. (2000).

In spite of the notion that cyanobacteria depos-
ite elemental sulfur outside the cell (Garlick et al., 
1977), we initially concluded that SQR in O. lim-
netica is inserted into the thylakoid membranes 
with its sulfide oxidation site facing the cyto-
plasm (Arieli et al., 1991, Shahak et al., 1999). 
This would require transport of elemental sulfur 
or at least of polysulfides through the cytoplasm 
to the outside. Alternatively, if in accordance with 
the location of SQR in purple bacteria the sulfide 
oxidation by the cyanobacterial SQR faces the 
intrathylakoid space, contact sites between the 

cytoplasmic and the thylakoid membranes would 
be required (Gantt, 1994). Further investigations 
should clarify this point.

The eukaryotic typeII-SQRDLs are directed 
into mitochondria by N-terminal signal sequences, 
as can be seen for fission yeast and homo in Fig. 1. 
Whether sulfide oxidation by analogy to the 
bacteria faces the intramembrane space remains 
to be established.

IV. Physiological Considerations

A. Bacteria

1. Sulfidotrophy and Sulfide Tolerance

Cyanobacteria thrive in two H
2
S-rich ecosystems 

– in the “thiobios” of marine benthic mats (Fenchel 
and Riedl, 1970), and in sulfidic hot springs (Cas-
tenholtz, 1977), as reviewed extensively by Padan 
(1979, 1989). Other strains are not sulfidotrophic 
but rather sulfide tolerant – they can use sulfide 
for photosynthetic CO

2
-fixation but do not grow 

on sulfide as the sole hydrogen donor (Garlick 
et al., 1977).  Significantly the various strains of 
cyanobacteria which can shift from oxygenic 
to anoxygenic photosynthesis can fix CO

2
 opti-

mally with sulfide of a rather wide concentration 
range. At super optimal concentrations sulfide 
becomes inhibitory. The optima were found at 
0.1, 0.7 and 3.5 mM for Lyngbya 7140, Aphan-
otece halophytica and O. limnetica, respectively. 
Since sulfide is rather toxic, the major susceptible 
target being the respiratory cytochrome oxidase 
(Grieshaber and Völkel, 1998), SQR in addi-
tion to energy conservation obviously serves for 
sulfide detoxification.

B. Fungi and Animals

1. Detoxification

The role of SQR in sulfide detoxification certainly 
holds also for mitochondrial SQRDL, although 
ATP formation with sulfide as the electron donor 
has been observed in mitochondria (Grieshaber 
and Völkel, 1998; Parrino et al., 2000; Yong and 
Searcy, 2001). Noteworthy, the colon mucosa of 
vertebrates is specialized for the mitochondrial 
oxidation of the sulfide produced by the anaero-
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bic metabolism of enterobacteria (Furne et al., 
2001), possibly via SQRDL. Sulfide has been 
implicated in the etiology of ulcerative colitis, 
and recently it has been identified as the “first 
inorganic substrate” for mitochondria of human 
colon cells (Goubern et al., 2007).

A more general role of detoxification by 
SQRDL could be linked to the turnover of FeS-
centers. The biosynthesis of FeS-centers in 
eukaryotes is a mitochondrial process, which was 
inherited from the parent bacterial endosymbiont 
(Mühlenhoff and Lill, 2000). Nothing is known 
though about the fate of sulfide which is liberated 
during degradation of FeS-centers. Mitochondria 
containing a large number of FeS-centers, pos-
sibly liberating toxic amounts of sulfide during 
FeS-turnover, should benefit from the detoxify-
ing function of SQRDL. However, since SQRDL 
is confined to animals and some fungi, this pro-
tective mechanism cannot be universal.

2. Heavy Metal Tolerance

The SQRDL of the fission yeast Saccharomy-
ces pombe is denoted HMT2 for its subtle role 
in heavy metal tolerance (Vande Weghe and Ow, 
1999, 2001). Resistance requires the complexa-
tion of heavy metals in the cytoplasm by phyto-
chelatins and sulfide in a defined stoichiometry, 
suitable for efficient uptake into the vacuole by 
the ABC-transporter HMT1. If sulfide concentra-
tions become too high heavy metal sulfide pre-
cipitates in the cytoplasm, and becomes lethal. 
The major role of HMT2 in this system is adjust-
ing the optimal level of sulfide by oxidation with 
ubiquinone in the mitochondria.

3. A Role in Sulfide Signalling

It has been put forward recently that besides its 
toxicity, at low concentrations sulfide plays a role 
in animal signallig. This double role is shared with 
NO and CO. Sulfide is therefore recognized as the 
third “gasotransmitter” (Wang, 2002; Boehning 
and Snyder, 2003). Besides its local formation by 
the intestinal microflora sulfide originates from 
pyridoxal phosphate dependent cysteine metabo-
lism in our body. It causes swelling of blood ves-
sels by smooth muscle relaxation, much like and 
in cooperation with NO. Sulfide may be involved 
in long term potentiation of the central nervous 

system as well. Efficient signalling requires well 
controlled adjustment of the signal transmitters. 
Thus it is conceivable that sulfide oxidation by 
the SQRDL enzymes in mitochondria plays a role 
in the fine tuning of the sulfide level, reminiscent 
of the function of HMT2 in fungal heavy metal 
tolerance. Such a central role would explain why 
SQRDL proteins are ubiquitous in animals, but 
are absent from plants.

V. Phylogenetic Aspects

A. Cladograms

An extensive phylogenetic analysis of SQR-
genes was provided by Theissen et al., in 2003. 
From 37 SQR-genes the peptide regions contain-
ing the two essential cysteines C159 and C346 
(peptide 2 and 5 in Fig. 2), plus the FAD-binding 
peptide III, with the distinctive GV or GD-pair 
(see above) from 37 SQR-genes were taken for 
the calculation of phylogenetic distances. In the 
resulting cladograms three major groups of SQR-
genes could be discerned. Types I and II were 
well  separated and correspond to the two types 
specified in Fig. 1. Type III, which is prevailing 
in archaea and green sulfur bacteria, was not as 
well defined. Type I spreaded over the proteo- 
and cyanobacteria, but also included the phy-
logenetically distant bacterium Aquifex aeolicus. 
Type II comprised Chloroflexus, Bacilli and the 
eukaryotic, mitochondrial SQRDL proteins, and 
surprisingly also one SQR from a cyanobacterium 
(SyncysII in Fig. 1). The relationship between 
the mitochondrial and this special cyanobacte-
rial protein had previously been recognized by 
Vande Weghe and Ow (1999). It was put forward 
that SQR represents an ancient enzyme origi-
nating from a common ancestor which enabled 
photo- and/or chemosulfidotrophy in the archaic, 
sulfidic environment. Furthermore, SQR should 
probably have entered the eukaryotic world by 
the monophyletic event of endosymbiosis cre-
ating the mitochondria. The alternative event 
of a later horizontal gene transfer could not be 
excluded, however.

The occurrence in cyanobacteria has been 
extended since, as documented in the NCBI-web-
site and outlined above already. Both SQR-types 
occur among cyanobacteria, either type I or type 
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II, while both types occur in Synechocystis PCC 
6803 (Syncys in Fig. 1). The distance cladogram 
of Fig. 4 shows the relatedness of the sequences 
presented in Fig. 1.

The split into the two groups with types I on 
the right and types II on the left, and FCC branch-
ing off in between the two, is obvious. Thus we 
support the analysis of Theissen et al. (2003), and 
further specify the conclusions in two aspects: (1) 
The closer relation of bacterial SQR-type II with 
the mitochondrial SQRDL enzymes and with the 
notion that the mitochondrial ancestor came from 
proteobacteria that have SQR-type I, is suggest-
ing the acquirement of SQR by horizontal gene 
transfer from a Bacillus or cyanobacterium. (2) 
The absence of SQR from the plant kingdom, 
and its obligatory occurrence in all animals, 
may reflect the attainment of new functions dur-
ing evolution. One such possible function is an 
involvement in animal type signalling, which 
may have evolved somehow from fungal heavy 
metal  tolerance. Plants and green algae may have 
lost their SQR-typeII gene, but the diatoms, and 

possibly other orders of algae, interestingly, have 
retained this gene, for an unknown reason. A more 
comprehensive phylogenetic treatment of SQR, 
in particular with regard to the closer relationship 
between type II and FCC will be given elsewhere 
(R. Merkl and G. Hauska, in preparation).

B. Convergence within a Phylogeny – the 
Position of the Conserved Cysteines

The SQR proteins and FCC represent an addi-
tional interesting aspect within the phylogeny of 
the disulfide oxidoreductase family, previously 
noticed for FCC (Todd et al., 2002). In the crystal 
structures of glutathione reductase and lipoam-
ide dehydrogenase, as well as of FCC (Mattevi 
et al., 1992; Chen et al., 1994) two cysteins are 
located as a redox active disulfide bridge, close to 
the isoalloxazine ring of the FAD. We concluded 
above, that this is also the case for SQR (Figs. 
2 and 3). However, the positions are rather dif-
ferent in FCC and the disulfide oxidoreductases 
proper. While in the disulfide oxidoreductases the 

Fig. 4. Cladogram of the SQR-sequences presented in Fig. 1. The cladogram was obtained by using the SplitsTree4 imple-
mentation of the NJ-algorithm based on UncorrectedP distances. Different algorithms resulted in similar trees (Huson and 
Bryant 2006).
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two cysteines are located close together in the 
primary sequence, spaced by four amino acid 
residues, in the N-terminal region, in both FCC 
and SQRs one cysteine comes from the middle 
and one from the C-terminal region. As shown 
in Fig. 5 these are C48 and C53 for a bacterial 
lipoamide dehydrogenase, while C161 and C337 
for FCC. Moreover, the spatial location of the 
Cys-pairs differ. In FCC the pair approaches 
the isoalloxazine ring from the opposite side of the 
ribityl-ADP moiety, while from the same side in 
lipoamide dehydrogenase (Fig. 5).

Such plasticity of catalytically essential posi-
tions within phylogenies is puzzling at first sight, 
yet known for other enzyme families as well 
(Todd et al., 2002). How could this be reconciled 
with the origin from a common ancestral enzyme? 
A reasonable assumption is that the ancestor con-
tained both pairs of cysteines. Perhaps C72 in 
the N-terminal region of FCC (Fig. 1), a third 
cysteine, which is conserved in bacterial FCCs 
for covalent binding of FAD (Chen et al., 1994), 
represents a relic of the ancestral enzyme.

VI. Concluding Remark

Finally we would like to express our own surprise 
about the remarkable extension of the biological 
relevance for the SQR enzymes, hoping that our 
review encourages future investigations, with all 
the precautions for the still speculative parts of it. 
Own efforts focus on the human SQRDL which 
has been expressed in E. coli after engineering for 
codon usage (T. Schödl, unpublished). Studies on 

activity, as well as on expression in rat and human 
tissues are in progress (M. Ackermann, K. Maier, 
A.-L. Piña and G.Hauska, in preparation).
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I. Introduction

Inorganic sulfur metabolism in prokaryotic 
organisms is a complicated topic due to the 
complex chemistry of sulfur and the multitude 
of enzymes that have evolved to catalyze this 
chemistry. Nevertheless, the ability to use inor-
ganic sulfur compounds as electron sources 
for growth is widespread among very differ-
ent prokaryotes of both archaeal and bacterial 
affiliation. Phototrophic sulfur bacteria char-
acteristically oxidize reduced inorganic sulfur 
compounds for photoautotrophic growth under 
anaerobic conditions. These bacteria are tradi-
tionally divided into the green sulfur bacteria 
(GSB) and the purple sulfur bacteria (PSB). 
The ecology of GSB and PSB is to some extent 
similar (van Gemerden and Mas, 1995; Over-

mann, 2007) and their oxidative sulfur metab-
olism probably shares many characteristics 
as well (Brune, 1989, 1995). However, other 
aspects of their physiology, evolution, and tax-
onomy are rather different. These differences 
are reflected in current taxonomic assignments 
of these two groups of Bacteria: The GSB com-
prise the phylum Chlorobi, whereas all PSB are 
members of the physiologically highly diverse 
phylum Proteobacteria (Boone and Casten-
holz, 2001).

GSB are obligately anaerobic and obligately 
photoautotrophic, and they form a phylogeneti-
cally and physiologically distinct group (Over-
mann, 2000; Garrity and Holt, 2001; Imhoff, 
2007). They are commonly found in anoxic and 
sulfide-rich freshwater and estuarine environ-
ments, either in the water column, in sediments, 
or within microbial mats. They have also recently 
been found in the anoxic zone 100 m below the 
surface of the Black Sea (Overmann et al., 1992; 
Manske et al., 2005), on deep-sea hydrothermal 
vents in the Pacific Ocean (Beatty et al., 2005), 
and in the microbial mats of Octopus and Mush-
room Springs in Yellowstone National Park 
(Ward et al., 1998). All GSB characterized to date 
have unique light-harvesting organelles known 
as chlorosomes, which allow highly efficient 

Abbreviations: Alc. – Allochromatium; APS – adenosine-5′-

phosphosulfate (also called adenylylsulfate); Cba. – Chloro-
baculum; Chl. – Chlorobium; GSB – green sulfur bacteria; 

PAPS – 3′-phosphoadenosine-5′-phosphosulfate (also called 

3′-phosphoadenylylsulfate); Pld. – Pelodictyon; PSB – purple 

sulfur bacteria; PSR – polysulfide reductase; PSRLC – 

polysulfide reductase-like complex; Ptc. – Prosthecochloris; 
SQR – sulfide:quinone reductase; SQRLP – sulfide:quinone 

reductase-like protein

Summary

Green sulfur bacteria (GSB) utilize various combinations of sulfide, elemental sulfur, thiosulfate, ferrous 
iron, and hydrogen for anaerobic photoautotrophic growth. Genome sequence data is currently available 
for 12 strains of GSB. We present here a genome-based survey of the distribution and phylogenies of 
genes involved in oxidation of sulfur compounds in these strains. Sulfide:quinone reductase, encoded 
by sqr, is the only known sulfur-oxidizing enzyme found in all strains. All sulfide-utilizing strains 
contain the dissimilatory sulfite reductase dsrABCEFHLNMKJOPT genes, which appear to be involved 
in elemental sulfur utilization. All thiosulfate-utilizing strains have an identical sox gene cluster (soxJX-
YZAKBW). The soxCD genes found in certain other thiosulfate-utilizing organisms like Paracoccus 
pantotrophus are absent from GSB. Genes encoding flavocytochrome c (fccAB), adenosine-5′-phospho-
sulfate reductase (aprAB), ATP-sulfurylase (sat), a homolog of heterodisulfide reductase (qmoABC), and 
other enzymes related to sulfur utilization are found in some, but not all sulfide-utilizing strains. Other 
than sqr, Chlorobium ferrooxidans, a Fe2+-oxidizing organism that cannot grow on sulfide, has no genes obvi-
ously involved in oxidation of sulfur compounds. Instead, Chl. ferrooxidans possesses genes involved 
in assimilatory sulfate reduction (cysIHDNCG), a trait that is not found in most other GSB. Given the 
irregular distribution of certain enzymes (such as FccAB, AprAB, Sat, QmoABC) among GSB strains, 
it appears that different enzymes may produce the same sulfur oxidation phenotype in different strains. 
Finally, even though the GSB are closely related, sequence analyses show that the sulfur metabolism 
gene content in these bacteria is substantially influenced by gene duplication and elimination and by 
lateral gene transfer both within the GSB phylum and with prokaryotes from other phyla.
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Table 1. Strains of green sulfur bacteria selected for genome sequencing.

Strain designationsa Names usedb Phenotypec Genome sequence statusd

ATCC 35110T Chloroherpeton thalassium BChl c 3.25 Mbp (1 chromosome; 
3 gaps)

TLS, ATCC 49652T Chlorobaculum tepidum, (Chlorobium 
tepidum)

BChl c, Tio+ 2,154,946 bp (1 chromosome)

BS1 Prosthecochloris sp., (Chlorobium 
phaeobacteroides)

BChl e 2,736,402 bp ( 1 chromosome)

CaD3 Chlorobium chlorochromatii, (“Chloro-
chromatium aggregatum” epibiont)

BChl c, Tio− 2,572,079 bp (1 chromosome)

DSMZ 245T, 6330 Chlorobium limicola BChl c, Tio− 2,763,183 bp (1 chromosome)

DSMZ 263T, NCIMB 8327 Chlorobaculum parvum, (Chlorobium 
vibrioforme subsp. thiosulfatophilum, 
Chlorobium thiosulfatophilum)

BChl d, Tio+ 2,289,236 bp (1 chromosome)

DSMZ 265, 1930 Chlorobium phaeovibrioides, (Chlo-
robium vibrioforme subsp. thiosulfat-
ophilum)

BChl c + d, Tio+ 1,966,858 bp (1 chromosome)

DSMZ 266T, 2430 Chlorobium phaeobacteroides BChl e, Tio− 3,133,902 bp (1 chromosome)

DSMZ 271T, SK-413 Prosthecochloris aestuarii BChl c, Tio− 2,512,923 bp (1 chromosome)

DSMZ 273T, 2530 Chlorobium luteolum, (Pelodictyon 
luteolum)

BChl c, Tio− 2,364,842 bp (1 chromosome)

DSMZ 5477T, BU-1 Chlorobium clathratiforme, (Pelodictyon 
phaeoclathratiforme)

BChl e, Tio+ 2,018,240 bp ( 1 chromosome)

DSMZ 13031T Chlorobium ferrooxidans BChl c, Tio− 2.6 Mbp (draft available; 5 
gaps)

a Superscript “T” denotes type strain.
b Names are according to Imhoff (2003) except those in parenthesis, which represents alternative names.
c Tio+ indicates that thiosulfate is utilized for growth.
d Status as of November 2007.

Fig. 1. Unrooted neighbor-joining phylogenetic tree of the 16S rRNA gene of selected GSB strains. Strains that have been 
selected for genome sequencing are shown in bold. Strains that have been shown to grow on thiosulfate are indicated with an 
asterisk. Sequence accession numbers are either from the JGI data base (digits only) or from GenBank. The tree is based on 1119 
nucleotide positions and was made with MEGA version 3.1 (Kumar et al., 2004). Bootstrap values in percentage are shown for 
1000 replications. Except for the position of Chl. chlorochromatii CaD3, whose position is not resolved, minimum evolution 
and maximum parsimony analyses also support the topology of this tree.
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 capture of light energy; therefore, these  organisms 
can grow at remarkably low light intensities. 
All characterized strains use the reductive (also 
called reverse) tricarboxylic acid cycle for CO

2
 

fixation. Most strains use electrons derived from 
oxidation of sulfide, thiosulfate, elemental sulfur, 
and H

2
, but a few characterized strains can also 

oxidize Fe2+.
In an effort to learn more about the physiol-

ogy and evolution of this unique group, and 
especially about their photosynthesis and carbon 
and sulfur metabolism, 12 strains of GSB have 
been selected for genome sequencing (Table 1). 
Figure 1 shows a 16S rRNA phylogenetic tree of 
these and other GSB strains. The genome of one 
of the best characterized strains, Chlorobaculum 
tepidum TLS (previously known as Chlorobium tepi-
dum TLS), was sequenced and annotated in 2002 
by The Institute for Genomic Research (TIGR; 
Eisen et al., 2002). Eleven other strains are cur-
rently at various stages of genome sequencing 
and annotation at the Joint Genome Institute 
(United States Department of Energy) and in the 
laboratories of Donald A. Bryant (The Pennsyl-
vania State University, United States) and Jörg 
Overmann (Ludwig-Maximilians-Universität, 
Germany) (Table 1). The genome sequences can 
be accessed and analyzed on the websites of the 
Integrated Microbial Genomes resource (http://
img.jgi.doe.gov) and the National Center for 
Biotechnology Information (http://www.ncbi.
nlm.nih.gov). Recent reviews on information 
derived from genome sequence data of GSB are 
available (Frigaard et al., 2003, 2006; Frigaard 
and Bryant, 2004). Here, we present an over-
view of the content and phylogeny of known 
or putative enzymes involved in inorganic sul-
fur metabolism in the 10 strains of the GSB for 
which sufficient genome sequence information 
is currently available (all strains listed in Table 1, 
except Chlorobaculum parvum DSMZ 263 and 
Chloroherpeton thalassium ATCC 35110). Sul-
fur metabolism in GSB is also discussed in the 
chapter by Hanson (2008). Current knowledge 
on the oxidation of inorganic sulfur compounds 
in PSB is reviewed in the chapter by Dahl (2008). 
At present, genome sequence information is pub-
licly available only for one PSB: the halophilic 
Halorhodospira halophila SL1 (DSMZ 244) of 
the Ectothiorhodospiraceae family (http://www.
ncbi.nlm.nih.gov).

II. Sulfur Compounds Oxidized 
for Growth

Almost all GSB are capable of oxidizing sulfide 
and elemental sulfur to sulfate. GSB have a high 
affinity for sulfide, and sulfide is usually the pre-
ferred substrate even if other sulfur substrates are 
available (Brune, 1989, 1995). Initially, sulfide 
is typically incompletely oxidized to elemental 
sulfur, which is deposited extracellularly as sul-
fur globules. These sulfur globules are oxidized 
completely to sulfate when the sulfide has been 
consumed. Some of the sulfur compounds uti-
lized by the strains for which genome sequence 
data are available are shown in Table 2.

Several strains of GSB are also capable of 
growing on thiosulfate (S

2
O

3

2−) (see overview in 
Imhoff, 2003). Some of these strains can grow on 
thiosulfate in the absence of any other reduced 
sulfur compound (N.-U. Frigaard, unpublished 
data). Two thiosulfate-utilizing strains of GSB 
have been reported to utilize tetrathionate (S

4
O

6

2−) 
(Brune et al., 1989). No GSB has been reported to 
utilize sulfite (SO

3

2−).

III. Sulfur Compound Oxidation 
Enzymes

Many enzymes potentially involved in sulfur 
metabolism can readily be identified in the 
genome sequences by sequence homology with 
known enzymes. Table 2 shows a detailed sur-
vey of genes known to be involved or potentially 
involved in the oxidative sulfur metabolism in 
the genome-sequenced strains of GSB. Specific 
enzymes are discussed below. An overview of the 
metabolic network formed by these enzymes is 
shown in Fig. 2.

A. Sulfide:Quinone Reductase

Sulfide:quinone reductase (SQR; EC 1.8.5.-) cat-
alyzes oxidation of sulfide with an isoprenoid qui-
none as the electron acceptor. This enzyme occurs 
in both chemotrophic and phototrophic prokaryo-
tes as well as in some mitochondria (Griesbeck 
et al., 2000; Theissen et al., 2003). Membrane-
bound SQR activity has been biochemically dem-
onstrated in GSB and presumably feeds electrons 
into the photosynthetic electron transfer chain 
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via a quinol-oxidizing Rieske iron-sulfur protein/
cytochrome b complex (Shahak et al., 1992). The 
genome sequences of all GSB strains encode one 
(CT0117 in Cba. tepidum TLS) or two homologs 
of the biochemically characterized SQRs from 
Rhodobacter capsulatus (CAA66112) and Oscil-
latoria limnetica (AAF72962) (Fig. 3). This 
includes Chl. ferrooxidans (ZP_01385816), which 
cannot grow on sulfide as the sole electron donor 
(Heising et al., 1999). This organism may benefit 
from SQR activity as a supplement to its energy 
metabolism. It could also use SQR as a protective 
mechanism to remove sulfide, which prevents 
growth when present in high concentrations. The 
SQR homologs of GSB are flavoproteins with 
predicted masses of about 53 kDa, and each con-

tains all three conserved cysteine residues that 
are essential for sulfide oxidation in Rhodobacter 
capsulatus SQR (Griesbeck et al., 2002).

Some GSB additionally contain distantly 
related homologs of SQR with no assigned or 
obvious function (here denoted SQRLP1 and 
SQRLP2 for SQR-like proteins type 1 and 2) 
(Fig. 3). SQRLP1 is present in Cba. tepidum TLS 
(CT1087) and in three other GSB. Among the 
GSB, SQRLP2 is only present in Cba. tepidum 
TLS (CT0876). Interestingly, SQRLP2 clusters in 
phylogenetic analyses with proteins of unknown 
function from various archaea. In addition, 
SQRLP2 from Cba. tepidum TLS shares 54% 
amino acid sequence identity with a protein from 
Sulfitobacter strain NAS14.1, which is a marine 

Fig. 2. Overview of known or hypothesized pathways in the oxidation of inorganic sulfur compounds in GSB. Not all strains 
have all pathways shown here. This figure is derived from information in Eisen et al., 2002 and Dahl, 2008. (See text for 
details.)
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Roseobacter-like strain that grows aerobically 
on dimethylsulfoniopropionate (https://research.
venterinstitute.org/moore/). Otherwise, SQRLP2 
has few homologs in the databases.

B. Flavocytochrome c

Flavocytochrome c is usually a soluble, periplasmic 
enzyme consisting of a large sulfide-binding 
FccB flavoprotein subunit and a small FccA cyto-
chrome c subunit (Brune, 1995). Although this 
protein efficiently oxidizes sulfide and reduces 
cytochrome c in vitro, the exact function and sig-
nificance of this protein in vivo is still not clear. 
Although many sulfide-utilizing organisms pro-
duce flavocytochrome c, some sulfide-utilizing 
GSB and PSB do not, which clearly demonstrates 
that flavocytochrome c is not essential for sulfide 

oxidation (Brune, 1995). For example, the pattern 
of sulfide oxidation and the concomitant formation 
of elemental sulfur that is subsequently oxidized 
to sulfate upon sulfide depletion, is similar in Chl. 
luteolum DSMZ 273, which does not contain fla-
vocytochrome c, and in Chl. limicola DSMZ 245, 
which does contain flavocytochrome c (Steinmetz 
and Fischer, 1982). In addition, a mutant of the 
PSB Allochromatium vinosum DSMZ 180, in 
which flavocytochrome c has been eliminated 
genetically, exhibits sulfide and thiosulfate oxi-
dation rates similar to the wild type (Reinartz et 
al., 1998). If indeed the FccAB flavocytochrome 
c oxidizes sulfide in vivo, both GSB and PSB 
apparently have alternative sulfide-oxidizing 
enzyme systems, possibly sulfide:quinone reduct-
ase (section III.A) and the Dsr system (section III.
C), that may be quantitatively more important. 

Fig. 3. Unrooted neighbor-joining phylogenetic tree of sulfide: quinone reductase (SQR) and two types of SQR-like proteins 
(SQRLP1 and SQRLP2) in selected organisms. Strains of GSB are shown in bold. The tree was made with MEGA version 3.1 
(Kumar et al., 2004) and shows bootstrap values for 100 replications.
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However, it is also possible that flavocytochrome 
c is advantageous under certain growth conditions 
and that such conditions have not yet been identi-
fied in these bacteria.

An fccAB-encoded flavocytochrome c is found 
in all GSB strains for which genome sequence data 
is available, except Chl. ferrooxidans DSMZ 13031 
and Chl. luteolum DSMZ 273. The GSB flavocy-
tochrome c consists of a 10-kDa FccA cytochrome 
c

553
 subunit (CT2080 in Cba. tepidum TLS) that 

binds a single heme and an approximately 47-
kDa sulfide-binding FccB flavoprotein subunit 
(CT2081 in Cba. tepidum TLS). The FccB subunit 
has high sequence similarity (approximately 50% 
amino acid sequence identity) to a flavoprotein 
(SoxJ) encoded in the sox gene cluster (section III.
G.1). FccAB is constitutively expressed in Cba.
thiosulfatiphilum (formerly Chl.limicola subsp.
thiosulfatophilum) DSMZ 249 (Verté et al., 2002). 
In this strain, FccAB was reported to be mem-
brane-bound, possibly due to an unusual signal 
peptide in the FccA subunit that is not cleaved but 
supposedly anchors the protein in the cytoplasmic 
membrane. The predicted signal peptide in FccA 
from GSB is followed by a highly variable, 15- to 
25-residue sequence, which is rich in alanine and 
proline and which is suggested to act as a flexible 
arm (Verté et al., 2002).

C. Dissimilatory Sulfite Reductase

The well-studied PSB, Alc. vinosum, contains a gene 
cluster with high sequence similarity to the dissimi-
latory sulfite reductase dsr gene cluster of sulfate-
reducing bacteria (Dahl et al., 2005). The dsr gene 
cluster in Alc. vinosum, dsrABEFHCMKLJOPNRS, 
is essential for the oxidation of intracellular sulfur 
globules, and thus it is assumed that the Dsr enzyme 
system in this organism functions in the oxidative 
direction to produce sulfite (Pott and Dahl, 1998; 
Dahl et al., 2005; Sander et al., 2006). All GSB, 
except Chl. ferrooxidans, contain the dsrABCE-
FHLNMKJOPT genes. Thus, despite the absence of 
dsrRS and the presence of dsrT in the Dsr system in 
GSB, this system most likely functions very simi-
larly to the Dsr enzyme system in PSB. The absence 
of dsr genes in Chl. ferrooxidans is consistent with 
the observation that this bacterium is incapable of 
growth on elemental sulfur and sulfide.

In Cba. tepidum TLS the dsr genes are split 
into two clusters, and three functional dsr genes 

are duplicated (dsrA, dsrC, and dsrL). This may 
be due to a frameshift mutation in the dsrB gene 
in a recent ancestor of the TLS strain that ren-
dered the gene nonfunctional. This could have 
selected for a duplication, rearrangement and 
subsequent frameshift mutation of a small seg-
ment of the genome, which restored a functional 
dsrB gene but also resulted in a duplication of 
the dsrCABL gene cluster. The two regions that 
contain a dsrCABL cluster in Cba. tepidum TLS 
are 99.4% identical at the nucleotide level. From 
the currently available data it appears that the dsr 
genes only occur as a single cluster in all other 
genome-sequenced GSB.

Based upon phylogenetic analyses, the cyto-
plasmic DsrAB sulfite reductase and other 
cytoplasmic Dsr proteins in GSB are related to 
the Dsr proteins from other sulfide-oxidizing 
prokaryotes (Sander et al., 2006). However, the 
subunits of the membrane-bound DsrMKJOP 
complex are related to the DsrMKJOP proteins 
from sulfate-reducing prokaryotes. In addition, 
the DsrT protein (unknown function) is only 
found in GSB and sulfate-reducing prokaryotes 
and not in other sulfide-oxidizers. This suggests 
an intriguing chimeric nature of the Dsr system in 
GSB, possibly generated by lateral gene transfer of 
dsrTMKJOP from a sulfate-reducing prokaryote 
to a common ancestor of GSB. An interesting pos-
sibility is that it might have been the acquisition of 
the ability to oxidize sulfur to sulfite that led to the 
relatively recent, explosive radiation of the GSB.

D. Sulfite Oxidation

Although GSB cannot grow on sulfite as sole sul-
fur source and electron donor, sulfite appears to 
be the product of the Dsr enzyme system (section 
III.C, Fig. 2). Sulfite can be oxidized by adeno-
sine-5′-phosphosulfate (APS) reductase (also 
called adenylylsulfate reductase, EC 1.8.99.2) 
in a reaction that consumes sulfite and AMP 
and generates APS and reducing equivalents. 
Two non-homologous types of such enzymes 
are known: the AprAB type that functions in 
dissimilatory sulfur metabolism and the CysH 
type that functions in assimilatory sulfur metab-
olism. An Apr-type APS reductase is found in 
the genomes of four GSB (Table 2). In Cba. 
tepidum TLS the genes are aprA/CT0865 and 
aprB/CT0864. A CysH-type APS reductase is 
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found in Chl.  luteolum DSMZ 273 and Chl. fer-
rooxidans DSMZ 13031, in which this enzyme 
probably functions in assimilatory sulfate reduc-
tion (see section VI). No APS reductase has been 
identified in the genomes of other GSB. Despite 
the absence of a recognizable APS reductase in 
its genome sequence, an APS reductase activ-
ity has been purified from Chl. limicola DSMZ 
245 and biochemically characterized although 
not sequenced (Kirchhoff and Trüper, 1974). This 
APS reductase from Chl. limicola DSMZ 245 
was reported to have a molecular mass of about 
200 kDa and to contain one flavin per molecule 
and non-heme iron, but it contained no heme. 
Homologs of the molybdopterin-binding SorAB 
sulfite:cytochrome c oxidoreductase (EC 1.8.2.1) 
from Starkeya novella (formerly Thiobacillus 
novellus) (Kappler et al., 2000) are not found in 
any GSB genome sequence. An alternative puta-
tive molybdopterin-binding enzyme that may 
function in sulfite oxidation in GSB is described 
in section IV.B.

E. Release of Sulfate from APS

AMP-dependent oxidation of sulfite by APS 
reductase produces APS (section III.D). APS can 
be hydrolyzed to AMP and sulfate by adenylyl-
sulfatase (EC 3.6.2.1) but there is no evidence for 
this enzyme in GSB. Alternatively, the energy of 
the phosphosulfate anhydride bond in APS can be 
conserved by the action of sulfate adenylyltrans-
ferase (also called ATP-sulfurylase; EC 2.7.7.4) 
encoded by the sat gene. ATP-sulfurylase gener-
ates ATP and sulfate from APS and pyrophos-
phate. ADP-sulfurylase (EC 2.7.7.5) generates 
ADP and sulfate from APS and phosphate (this 
enzyme is also called adenylylsulfate:phosphate 
adenylyltransferase, APAT). Some GSB strains 
have been reported biochemically to contain 
either ATP-sulfurylase activity (strains DSMZ 
249 and DSMZ 257) or ADP-sulfurylase activ-
ity (strains DSMZ 263 and NCIMB 8346) but not 
both activities (Khanna and Nicholas, 1983; Bias 
and Trüper, 1987); however, the genome of none 
of these strains has been sequenced. Four GSB 
genomes encode highly similar, sat-encoded 
ATP-sulfurylases (Table 2; CT0862 in Cba. 
 tepidum TLS).

Another type of ATP-sulfurylase, which is 
not homologous with the Sat enzyme, is the het-

erodimeric CysDN known from assimilatory sul-
fate reduction in Alc. vinosum, Escherichia coli, 
and other prokaryotes (Kredich, 1996; Neumann 
et al., 2000). Genes encoding a CysDN-like com-
plex are found in Chl. ferrooxidans and Chl. 
luteolum DSMZ 273 as part of an assimilatory 
sulfate reduction gene cluster (section VI). Chl. 
phaeovibrioides DSMZ 265 and Ptc. aestuarii 
DSMZ 271 also contain cysC and cysN homologs. 
But in these two latter organisms the genes occur 
in a cluster that appears to be involved in another 
aspect of sulfur metabolism. This cluster also 
contains a cysQ homolog that may encode a 
phosphatase acting on APS or PAPS (Neuwald 
et al., 1992) and a homolog of the ArsB/NhaD 
superfamily of permeases that translocates Na+ 
and various anions such as sulfate across the cyto-
plasmic membrane (500231320 and 500231330, 
respectively, in Chl. phaeovibrioides DSMZ 265). 
It is therefore possible that Chl. phaeovibrioides 
DSMZ 265 and Ptc. aestuarii DSMZ 271 possess 
a system that processes APS or sulfite (or both) 
differently than in other GSB and that actively 
excretes sulfate. No homologs of sat, cysN, or 
cysD have been identified in Chl. limicola DSMZ 
245 or Chl. phaeobacteroides DSMZ 266 and it 
is not clear how these strains convert APS to sul-
fate, if they do at all.

F. Qmo Complex

Cba. tepidum TLS and three other GSB strains 
(Table 2) contain a membrane-bound elec-
tron-transfer complex (QmoA/CT0866-QmoB/
CT0867-QmoC/CT0868) that shares homology 
with subunits of heterodisulfide reductases. The 
Qmo complex from GSB has the same subunit 
structure and the same putative cofactor-binding 
sites as the Qmo complex in the sulfate-reduc-
ing organisms, Desulfovibrio desulfuricans and
 Archaeoglobus fulgidus (Pires et al., 2003). It 
appears that in all these organisms QmoA and 
QmoB are cytoplasmic, nucleotide- and iron–
sulfur-cluster-binding subunits and QmoC is a 
membrane-bound, heme-b-binding subunit that 
exchanges electrons with the isoprenoid quinone 
pool. The Qmo complex from Desulfovibrio des-
ulfuricans was biochemically characterized and 
shown to have quinol-oxidizing activity (Pires 
et al., 2003). In all four cases in which the genes 
encoding a Qmo complex (qmoABC), an ATP-
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sulfurylase (sat), and an APS reductase (aprAB) 
occur in GSB, these genes are clustered in one 
apparent sat-aprBA-qmoABC operon (Table 2 
and Fig. 4B). A similar aprBA-qmoABC operon 
with high sequence similarity occurs in Desulfovi-
brio desulfuricans and other Desulfovibrio-like 
strains. It therefore seems likely that the four GSB 
that have this operon may have obtained it from a 
Desulfovibrio-like organism by lateral gene 
transfer. The enzymes encoded by the sat-aprBA-
qmoABC operon in principle allow oxidation of 
sulfite to sulfate via an APS intermediate with 
concomitant reduction of membrane-bound qui-
nones (Fig. 2). How this reaction occurs in GSB 
that do not have the sat-aprBA-qmoABC genes is 
not clear (see Section IV.B for a possible alterna-
tive sulfite oxidation system).

G. Thiosulfate Oxidation

1. Sox System

In the chemolithoautotrophic a-proteobacte-
rium Paracoccus pantotrophus the sox gene 
cluster comprises 15 genes that encode proteins 
involved in the oxidation of thiosulfate and pos-
sibly other sulfur compounds (Friedrich et al., 
2001, 2005). The Sox proteins are transported to 
the periplasm, either by encoding a signal peptide 
recognized by the Sec system or the Tat system, 
or by forming a complex with another Sox pro-
tein that encodes a signal peptide. The products 

of seven sox genes, soxXYZABCD, are induced 
by thiosulfate and are sufficient to reconstitute 
a thiosulfate-oxidizing enzyme system in vitro. 
Friedrich et al. (2001) proposed the following 
model for thiosulfate oxidation: The sulfane atom 
of thiosulfate is bound to the SoxYZ complex 
(SoxYZ-SH) by an oxidation reaction, catalyzed 
by the SoxAX c-type cytochrome, which results 
in a thiocysteine-S-sulfate residue (SoxYZ-S-S-
SO

3

2−). A conserved cysteine residue in the SoxY 
subunit constitutes the substrate-carrying site. 
Sulfate is liberated by hydrolysis catalyzed by 
SoxB to yield a persulfide intermediate (SoxYZ-
S-S−), which subsequently is oxidized by another 
c-type cytochrome, SoxCD, to form a cysteine-S-
sulfate residue (SoxYZ-S-SO

3

2−). Hydrolysis by 
SoxB releases sulfate and regenerates the SoxYZ 
complex (SoxYZ-SH).

The cluster of sox genes in Cba. tepidum TLS, 
CT1015-soxXYZA-CT1020-soxBW (Fig. 4A), is 
conserved in the genomes of three other strains 
(Table 2). Because of the organizational con-
servation and the congruent phylogeny of the 
eight genes in this cluster (see section VII), the 
genes CT1015 and CT1020 are likely involved 
in the Sox system. Thus, these two genes are 
now denoted as soxJ and soxK, respectively. 
The soxJXYZAKBW cluster is present in all three 
thiosulfate-utilizing strains (TLS, DSMZ 265, 
DSMZ 5477) and one strain (CaD3) that has not 
been reported to grow on thiosulfate. All SoxY 
proteins in GSB have the conserved C-terminal 

Fig. 4. Gene clusters in Cba. tepidum TLS of (A) sox genes, (B) sat-apr-qmo genes, and (C) hdr-hyd genes. These clusters are 
conserved in all GSB strains in which the genes occur.
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motif GGCGG-COOH with the substrate-binding 
cysteine residue. (The genes encoding the SoxYZ 
complex have been duplicated in some GSB; see 
section III.H.) The gene soxJ encodes a putative 
FAD-containing dehydrogenase related to the 
sulfide-binding flavoprotein subunit of flavocyto-
chrome c. The gene soxK encodes a hypothetical 
11-kDa protein with a signal peptide and with a 
homolog encoded in the sox cluster of the purple 
sulfur bacterium Alc. vinosum (ABE01362), but 
has no identified homologs in other organisms. 
SoxA from bacteria such as P. pantotrophus and 
Rhodovulum sulfidophilum binds heme groups in 
two conserved CXXCH motifs (Appia-Ayme
et al., 2001; Bamford et al., 2002). The C-terminal 
heme presumably participates in oxidation of 
the thiosulfate-SoxYZ complex; the N-terminal 
heme is presumably too far from the C-terminal 
heme to allow electron transfer between the two 
heme groups, and its function is not known. SoxA 
in GSB and some other bacteria such as Alc. 
vinosum and Starkeya novella only has the C-
terminal heme-binding motif. This difference is 
reflected in a phylogenetic sequence analysis, in
 which SoxA sequences from GSB and Alc. 
vinosum group separately from the SoxA sequences
of P. denitrificans and Rhodobacter sphaeroides 
that have two heme-binding motifs (Fig. 5).

The soxCD genes, which are essential compo-
nents of the Sox system in P. pantotrophus, do 
not occur in the genome sequences of GSB. The 
soxCD genes have also not been found in the 
purple sulfur bacterium Alc. vinosum (Hensen 

et al., 2006). This observation suggests (1) that 
the persulfide-form of the SoxYZ carrier protein 
(SoxYZ-S-S-) is transformed back to the unmodi-
fied form (SoxYZ-SH) differently in GSB and 
in P. pantotrophus, and (2) that the sulfane moi-
ety from the thiosulfate molecules that become 
attached to the SoxYZ carrier protein are not com-
pletely oxidized to sulfate in the GSB Sox system 
as they are in the P. pantotrophus Sox system. 
This is consistent with experimental evidence in 
Alc. vinosum, which shows that the sulfane moi-
ety from thiosulfate is found as elemental sulfur 
when sulfur globules are formed by oxidation of 
thiosulfate (Smith and Lascelles, 1966; Trüper 
and Pfennig, 1966). In this process, a net electron 
gain in the GSB Sox system is only accomplished 
by the SoxAX-dependent oxidation (Fig. 2). The 
SoxCD-independent reaction in GSB that regen-
erates the SoxYZ complex may involve the SoxJ 
and SoxK proteins due to the conservation of their 
genes in the GSB sox gene cluster (Fig. 4A).

2. Rhodaneses

Rhodaneses (thiosulfate sulfurtransferases, EC 
2.8.1.1) are enzymes that catalyze the transfer of 
the sulfane sulfur atom of thiosulfate to cyanide 
(CN−) to generate thiocyanate (SCN−) and SO

3

2−. 
However, this is often not the physiological role 
of the enzymes. Rhodaneses are common in many 
organisms, including phototrophic sulfur bacte-
ria, but their roles in lithotrophic sulfur metabo-
lism are not clear (Brune, 1995). Two rhodaneses 

Fig. 5. Unrooted neighbor-joining phylogenetic tree of SoxA proteins. Strains of GSB are shown in bold. The tree was made 
with MEGA version 3.1 (Kumar et al., 2004) and shows bootstrap values for 100 replications.
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with unknown function have been purified from 
the thiosulfate-utilizing Cba. parvum DSMZ 263 
of which the most abundant and active rhodanese 
was a 39-kDa basic protein with an isoelectric 
point of 9.2 (Steinmetz and Fischer, 1985).

All GSB, other than Chl. ferrooxidans, contain a 
17-kDa rhodanese (CT0843 in Cba. tepidum TLS) 
as part of the dsr gene cluster (section III.C). Other 
putative rhodaneses are found scattered among the 
genome sequences of GSB in a manner that does 
not obviously correspond with their ability to use 
thiosulfate. A putative periplasmic 22-kDa rho-
danese with an isoelectric point of 8.8 is found 
in the thiosulfate-utilizing Chl. clathratiforme 
DSMZ 5477 (ZP_00590525). A homolog of this 
protein is found in Chl. chlorochromatii CaD3 
(ABB28218), which has not been reported to use 
thiosulfate, but homologs are not found in the 
genome sequences of other GSB. Chl. limicola 
DSMZ 245 and Prosthecochloris sp. BS1 con-
tain an acidic, putatively cytoplasmic, ~ 50-kDa 
rhodanese (ZP_00512484 and ZP_00530387, 
respectively), which is homologous with a 
putative rhodanese found in Salinibacter ruber 
(53% sequence identity) and several strains of 
Escherichia coli (37% sequence identity).

3. Plasmid-Encoded Thiosulfate Oxidation?

A 15-kb plasmid, named pCL1, has been isolated 
from the thiosulfate-utilizing Cba. thiosul-
fatiphilum DSMZ 249 (Méndez-Alvarez et al., 
1994). When this plasmid was transferred to 
Chl. limicola DSMZ 245, which cannot grow on 
thiosulfate, the resulting transformants were 
reported to utilize thiosulfate as the sole elec-
tron donor for growth. The plasmid has been 
sequenced (NC_002095), but surprisingly it does 
not encode genes known to be involved in thio-
sulfate utilization (C. Jakobs et al., unpublished 
data). No putative enzymes involved in sulfur 
chemistry are encoded by the plasmid, but it is 
possible that the plasmid somehow allows cel-
lular transport of certain sulfur compounds. The 
plasmid contains a cluster of seven genes (similar 
to cpaBCEF-tadBC-pilD), which are homologs 
of genes involved in a type II secretion system 
that functions in pilus formation in many bacteria. 
The other genes on the pCL1 plasmid are appar-
ently involved in plasmid maintenance. Three of 
the seven genes in the cpaBCEF-tadBC-pilD-like 

cluster on the plasmid contain frame-shift muta-
tions that probably cause non-functional proteins. 
(Alternatively, these mutations could be due 
to sequencing errors.) A highly similar cluster, 
but with the reading frame of all genes intact, is 
found in the genome sequences of all three GSB 
that can grow on thiosulfate (strains TLS, DSMZ 
265, DSMZ 5477), as well as in one strain that 
cannot grow on thiosulfate (DSMZ 273), but not 
in other strains. Since Chl. chlorochromatii CaD3 
is the only strain that has the Chlorobium-type 
sox cluster (Fig. 4A) but cannot grow on thiosul-
fate (Table 2), one can speculate that the inability 
of this strain to grow on thiosulfate is due to the 
absence of the cpaBCEF-tadBC-pilD-like genes. 
The GSB-type sox cluster is also present in Cba. 
thiosulfatiphilum DSMZ 249 (AY074395) from 
which plasmid pCL1 was isolated, and presum-
ably is located on the chromosome (Verté et al., 
2002). It is not clear from the genome sequence 
how Chl. limicola DSMZ 245 can grow on thio-
sulfate after receiving the pCL1 plasmid (Mén-
dez-Alvarez et al., 1994). Strain DSMZ 245 does 
not have sox genes and has no other obvious 
candidate for a thiosulfate-metabolizing enzyme, 
other than a putative cytoplasmic rhodanese (see 
above) and the putative novel enzyme system 
FccAB-SoyYZ (see section III.H). Identifica-
tion of the oxidation product of thiosulfate in the 
pCL1 transformants of Chl. limicola DSMZ 245 
could help clarify the biochemical mechanism of 
its thiosulfate utilization.

H. A Potential Novel Complex: SoyYZ

The heterodimeric SoxYZ complex carries sul-
fur substrates on a conserved cysteine residue 
in the SoxY subunit (section III.G; Quentmeier 
and Friedrich, 2001). The soxYZ gene cluster has 
been duplicated in four GSB and is here denoted 
soyYZ (Table 2). (In Chl. limicola DSMZ 245, 
SoyY and SoyZ have the accession numbers 
EAM43192 and EAM43152, respectively.) A 
signal sequence at the amino termini of the SoyY 
sequences suggests that, like SoxYZ, SoyYZ is 
a periplasmic complex. Neither SoxZ nor SoyZ 
has a signal sequence, and both are probably 
transferred across the cytoplasmic membrane as 
part of complexes with SoxY or SoyY, respec-
tively. The presence of soyYZ does not correlate 
with thiosulfate utilization (Table 2). In all GSB 
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that have soyYZ, these genes are located immedi-
ately upstream of the fccAB genes in an apparent 
operon. Therefore, it is attractive to propose that 
SoyY and SoyZ form a complex in the periplasm 
that carries a sulfur substrate and that this com-
plex reacts with the periplasmic FccAB flavocy-
tochrome c. However, not all GSB that encode 
fccAB also encode soyYZ.

In most organisms of all taxonomic affilia-
tions that have SoxY, the sulfur-substrate-carry-
ing cysteine residue of SoxY is located at the 
C-terminus within the motif GGC(G

1–2
)–COOH. 

SoyY differs from all known examples of SoxY by 
having a C-terminus in which the putative sulfur-
substrate-binding cysteine residue is the terminal 
residue (Fig. 6). The proximity of the C-terminal 
carboxyl group and the thiol group of the sub-
strate-carrying cysteine residue in SoyY is likely 
to affect the chemistry at this site in a manner that 
does not occur in SoxY. If this is the case, this 
might explain the evolution of this particular motif 
in SoyY. In GSB the conserved motif in SoyY is 
VXAQAC-COOH. The soyY gene has only been 
found in one other organism other than GSB: the 
anaerobic, sulfide-oxidizing, chemoautotrophic 
Alkalilimnicola ehrlichei MLHE-1, which based 
on ribosomal RNA phylogeny is closely related 
to PSB of the Ectothiorhodospiraceae family. In 
A. ehrlichei, soyY (EAP35245) is located upstream 
of a soxZ homolog in a cluster of genes related to 
dimethyl sulfoxide utilization and cytochrome c 
biogenesis.

IV. Other Enzymes Related to Sulfur 
Compound Oxidation

A. RuBisCO-Like Protein

The enzyme RuBisCO (ribulose 1,5-bisphos-
phate carboxylase/oxygenase) catalyzes the key 

step in the Calvin–Benson–Bassham CO
2
 fixation 

pathway in many phototrophic and chemotrophic 
organisms (Tabita, 1999). However, genome 
sequencing has revealed that some bacteria and 
archaea contain homologs of RuBisCO, called 
RuBisCO-like proteins (RLPs), which do not 
have the same enzymatic activity as bona fide 
RuBisCO. For example, in Bacillus subtilis 
RLP functions as a 2, 3-diketomethythiopentyl-
1-phosphate enolase in the methionine salvage 
pathway of this organism (Ashida et al., 2003). 
All GSB genomes sequenced to date contain 
an RLP, but they do not have other recogniz-
able genes for a methionine salvage pathway. 
A mutant of Cba. tepidum TLS lacking RLP 
(CT1772) has a pleiotropic phenotype with 
increased levels of oxidative stress proteins 
and defects in photopigment content, photoau-
totrophic growth rate, carbon fixation rates, and 
the ability to oxidize thiosulfate and elemental 
sulfur (Hanson and Tabita, 2001, 2003). Nota-
bly, sulfide oxidation is not affected in the rlp 
mutant of Cba. tepidum TLS. Hanson and Tabita 
subsequently suggested that RLP is involved in 
the biosynthesis of a low-molecular-weight thiol, 
which is essential for oxidation of thiosulfate 
and elemental sulfur. The possible role of such 
a hypothetical thiol as a carrier of sulfane sulfur 
is illustrated in Fig. 2. However, the function of 
GSB RLP is probably not limited to oxidation 
of inorganic sulfur compounds because Chl. fer-
rooxidans contains an RLP very similar to the 
RLP in other GSB, even though this organism 
cannot grow on inorganic sulfur compounds and 
does not contain genes thought to be involved in 
oxidation of thiosulfate (sox genes) and elemen-
tal sulfur (dsr genes) (Table 2).

B. Polysulfide-Reductase-Like Complexes

Three types of complexes, here denoted 
polysulfide-reductase-like complex 1, 2, and 3 
(PSRLC1, PSRLC2, and PSRLC3), with sequence 
similarity to the characterized polysulfide reduct-
ase (PSR) in Wolinella succinogenes (Krafft et al., 
1992) are found in the genome sequences of GSB 
(Table 2). The W. succinogenes PSR is encoded 
by the psrABC genes and consists of two peri-
plasmic subunits, a molybdopterin-containing 
PsrA subunit and a [4Fe–4S]-cluster-binding 
PsrB subunit, and a membrane-anchoring PsrC 

Fig. 6. Alignment of the C-terminal region of two SoxY 
proteins and all currently known SoyY proteins.
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subunit that binds an isoprenoid quinone and 
exchanges electrons with PsrB. In W. succino-
genes, PSR and a hydrogenase allow respira-
tion on polysulfide using H

2
 as electron donor. 

However, homologs of PSR are also involved 
in metabolizing thiosulfate, tetrathionate, and 
other inorganic and organic compounds. Thus, 
the function of the PSR-like complexes in GSB 
cannot easily be established from sequence 
analysis alone.

Similar to the case of W. succinogenes PSR, 
polysulfide reductase-like complex 1 (PSRLC1, 
comprising CT0494, CT0495, and CT0496 in 
Cba. tepidum TLS) and PSRLC2 (comprising 
400748340, 400748350, and 400748360 in 
Chl. phaeobacteroides DSM 266) are encoded 
by three genes. For both PSRLC1 and PSRLC2, 
the PsrA-like subunits with the catalytic site, 
have a Tat signal sequence and thus should be 
translocated into the periplasm. Homologs of 
PSRLC1 and PSRLC2 are found in many other 
organisms; for example, Carboxydothermus 
hydrogenoformans has a PSRLC1 homolog 
that has an overall amino acid sequence iden-
tity of approximate 50% with the PSRLC1 of 
Cba. tepidum TLS.

Two genes encode PSRLC3 in GSB. One 
is homologous with psrA (400751650 in Chl. 
phaeobacteroides DSMZ 266), and the other 
is homologous to a fusion of psrB and psrC 
(400751660 in Chl. phaeobacteroides DSMZ 
266). Sequence analysis of the PsrBC-like subu-
nit of PSRLC3 suggests that the PsrC-like domain 
has an orientation in the cytoplasmic mem-
brane that is opposite that of the PsrC subunit 
of W. succinogenes PSR such that the PsrB-like 
domain of PSRLC3 is in the cytoplasm. In addi-
tion, the PsrA-like subunit of PSRLC3 does not 
have any obvious signal sequence. Thus, the cat-
alytic PsrA-like catalytic subunit and the PsrB-
like domain of PSRLC3 are probably located in 
the cytoplasm. Interestingly, the genes in GSB 
encoding PSRLC3 are immediately upstream of 
the dsr gene cluster. It is therefore an attractive 
possibility that PSRLC3 is involved in cytoplas-
mic oxidation of the sulfite produced by the Dsr 
system (section III.C). If so, PSRLC3 could pro-
vide all of the Dsr-containing GSB strains that 
lack the putative Sat-Apr-Qmo sulfite oxidation 
system (sections III.D–F, Fig. 2, Table 2) with a 
means to oxidize sulfite. Many known and puta-

tive prokaryotic sulfite oxidases are thought to 
be distantly related molybdopterin-containing 
enzymes that oxidize sulfite directly to sulfate 
(Kappler and Dahl, 2001). However, PSRLC3 
is not widespread among other organisms, but 
a homologous complex with an overall amino 
acid sequence identity of approximate 50% is 
found in Chloroflexus aurantiacus, Roseiflexus 
sp. RS-1, and a few members of the high-GC 
Firmicutes.

C. Sulfhydrogenase-Like 
and Heterodisulfide-Reductase-Like 
Complexes

A putative cytoplasmic αβγδ-heterotetrameric, 
bi-directional hydrogenase, which resembles 
Pyrococcus furiosus hydrogenase II that catalyzes 
H

2
 production, H

2
 oxidation, as well as the reduc-

tion of elemental sulfur and polysulfide to sulfide 
(Ma et al., 2000), is present in all sequenced 
GSB genomes, except those of Chl. phaeovi-
brioides DSM 265 and Chl. luteolum DSM 273. 
The genes encoding this putative sulfhydroge-
nase form a conserved hyd1 cluster, hydB1G1DA 
(CT1891–CT1894 in Cba. tepidum TLS), except 
in Chl. chlorochromatii CaD3 in which the genes 
are split into two clusters, hydB1G1 and hydDA. 
Since Cba. tepidum TLS is unable to grow on H

2
, 

these genes apparently do not confer the ability to 
oxidize large amounts of H

2
. Likewise, the pres-

ence of this enzyme in Chl. ferrooxidans DSMZ 
13031 and its absence from Chl. phaeovibrioides 
DSM 265 and Chl. luteolum DSM 273 suggests 
that its primary role is not related to elemental 
sulfur or polysulfide metabolism.

There are two types of complexes with sequence 
homology to heterodisulfide reductases encoded 
in the genomes of the sequenced GSB. One is 
the Qmo complex, which is probably involved in 
intracellular sulfite oxidation as discussed above 
(section III.F). The other is encoded by genes that 
form a conserved cluster with genes encoding a 
putative hydrogenase. This hdr-hyd2 gene clus-
ter, hdrD-hdrA-orf1247-orf1248-hydB2-hydG2, 
is conserved in seven of the sequenced strains 
(Fig. 4C). The hdrD gene in GSB is a fusion of the 
hdrC and hdrB genes found in other organisms. 
As with the Hyd1 complex mentioned above, the 
presence of Hdr-Hyd2 in Chl. ferrooxidans DSMZ 
13031 and its absence from two other GSB strains, 
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suggests that its presence is not essential in 
elemental sulfur or polysulfide metabolism.

V. Non-Sulfurous Compounds Oxidized 
for Growth

A. Hydrogen

Many strains of GSB can grow on H
2
 as electron 

donor (Overmann, 2000; Garrity and Holt, 2001). 
In general, cultures growing on H

2
 need to be 

supplemented with a small amount of a reduced 
sulfur compound (such as sulfide or thiosulfate), 
probably to fulfill biosynthetic needs. This is 
not the case for strains capable of assimilatory 
sulfate reduction (section VI). The genomes of 
seven sequenced GSB strains contain a hupSLCD 
gene cluster that encodes a HupSL-type Ni–Fe 
uptake hydrogenase, a membrane-bound HupC 
cytochrome b subunit and the HupD maturation 
protein (Table 2). Cba. tepidum TLS contains a 
similar gene cluster, but in this organism hupS 
and a part of hupL have been deleted (Frig-
aard and Bryant, 2003). This deletion probably 
explains why Cba. tepidum TLS cannot grow on 
H

2
 (T.E. Hanson and F.R. Tabita, personal com-

munication).
Warthmann et al. (1992) found that Chl. phaeo-

vibrioides DSMZ 265 produces H
2
 and elemental 

sulfur from sulfide or thiosulfate under diazo-
trophic conditions in the light. When this strain 
was grown syntrophically with the sulfur-reduc-
ing bacterium Desulfuromonas acteoxidans, 3.1 
mol (78% of the theoretical maximum) of H

2
 were 

produced in a nitrogenase-dependent manner per 
mole of acetate consumed. This high efficiency in 
comparison to other GSB strains is possibly due 
to the absence of the hupSLCD genes from the 
genome of the DSMZ 265 strain (Table 2).

No GSB genome encodes genes homologous to 
hoxEFUYH, which together encode the subunits 
of a putative bidirectional NAD-reducing hydro-
genase found in some cyanobacteria and the pur-
ple sulfur bacterium Thiocapsa roseopersicina 
(Tamagnini et al., 2002; Rakhely et al., 2004).

B. Ferrous Iron

Chlorobium ferrooxidans DSMZ 13031 uses Fe2+ 
as the sole electron donor for growth (Heising et al., 

1999). This strain appears to have lost the abil-
ity to oxidize sulfur compounds because it does 
not grow on sulfide, elemental sulfur, or thiosul-
fate. This phenotype is largely confirmed by the 
absence of many genes related to oxidation of sul-
fur compounds in its genome (Table 2). Interest-
ingly, Chl. ferrooxidans and Chl. luteolum DSMZ 
273 are the only sequenced GSB whose genomes 
encode a bacterioferritin homolog (EAT59385 in 
Chl. ferrooxidans). Bacterioferritin binds heme 
b and non-heme iron and may be involved in 
the intracellular redox chemistry and storing of 
iron (Carrondo, 2003). Chl. ferrooxidans and 
Chl. luteolum DSMZ 273 also have a dicistronic 
operon encoding two c-type cytochromes that 
are not found in other GSB genomes. Although 
paralogs of the smaller cytochrome, a puta-
tive membrane-bound cytochrome of the c

5
/c

555
 

family, are observed in other GSB genomes, the 
larger, cytochrome is uniquely found in these two 
strains (EAT58010 in Chl. ferrooxidans). The 
N-terminal region of this protein bears a single 
c-type, heme-binding sequence (CAACH), and this 
domain has weak sequence similarity to several 
other c-type cytochromes. Since Chl. ferrooxi-
dans and Chl. luteolum DSMZ 273 differ from 
other sequenced GSB by having bacterioferritin 
and an identical cluster of assimilatory sulfate 
reduction and sulfate permease genes, it is pos-
sible that both strains can grow with Fe2+ as the 
sole electron donor and by assimilatory sulfate 
reduction. Because the cytochromes mentioned 
above are also present only in Chl. ferrooxidans 
and Chl. luteolum DSMZ 273, they may be part 
of the Fe2+ -oxidizing enzyme system.

C. Arsenite

To our best knowledge, no GSB has been demon-
strated to grow on arsenite. However, two GSB 
strains (Chl. limicola DSMZ 245 and Prosthe-
cochloris sp. BS1) contain an enzyme consisting 
of a large molybdopterin-binding subunit and a 
small Rieske-type [2Fe–2S]-cluster-binding subu-
nit (EAM42933 and EAM42934 in strain DSMZ 
245, respectively) not found in any other genome-
sequenced GSB strain. The small subunit contains 
a Tat signal peptide that presumably translocates 
the enzyme to the periplasm. The enzyme has 
high sequence similarity (an overall amino acid 
sequence identity of approximately 40%) with the 
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well-characterized arsenite oxidase from Alcali-
genes faecalis (Anderson et al., 1992). This enzyme 
oxidizes arsenite (AsO

3

3−) to arsenate (AsO
4

3−) and 
donates the electrons to soluble, periplasmic cyto-
chrome c. The presumed primary function of the 
enzyme in many organisms is to detoxify arsen-
ite. Although the concentration of arsenite in most 
natural environments is low, the reduction of peri-
plasmic cytochrome c in GSB would contribute to 
the photosynthetic electron transport and thus the 
growth of the organism. It is also possible that the 
enzyme in GSB oxidizes a different substrate (e.g. 
nitrite to nitrate).

VI. Assimilatory Sulfur Metabolism

It is generally thought that GSB can not per-
form assimilatory sulfate reduction (Lippert and 
Pfennig, 1969). Nevertheless, Chl. ferrooxidans 
DSMZ 13031 grows with sulfate as the sole sul-
fur source and cannot utilize sulfide, thiosulfate, 
or elemental sulfur (Heising et al., 1999). Thus, 
Chl. ferrooxidans must be capable of assimilatory 
sulfate reduction. In agreement with this obser-
vation, the Chl. ferrooxidans genome encodes 
a single gene cluster that includes the assimila-
tory sulfate reduction genes cysIHDNCG and 
the sulfate permease genes cysPTWA, which are 
transcribed in opposite directions. These assimi-
latory sulfate reduction genes share a high degree 
of sequence similarity with those of the clostridia 
Clostridium thermocellum and Desulfitobac-
terium hafniense. However, sequence analyses 
show that the APS reductase encoded by cysH in 
Chl. ferrooxidans is the plant-type enzyme that 
uses APS and not PAPS as substrate. An identi-
cal cys gene cluster is observed in Chl. luteolum 
DSMZ 273, but these genes are not found in any 
other GSB genome. This raises the possibility 
that Chl. luteolum DSMZ 273 also is capable of 
assimilatory sulfate reduction and growth in the 
absence of reduced sulfur compounds using elec-
tron donors such as H

2
 and Fe2+.

VII. Evolution of Sulfur Metabolism

Thiosulfate utilization by the Sox system in GSB 
is an interesting case study of lateral transfer 
of an ability that presumably confers a strong 

competitive advantage in certain natural envi-
ronments. The Sox proteins are only present in 
some GSB strains and have phylogenies that are 
incongruent with that for ribosomal RNAs (Figs. 
1 and 5). This indicates that the sox genes in 
GSB were not inherited vertically from a com-
mon ancestor. However, the Sox proteins from 
GSB form a monophyletic cluster in phyloge-
netic analyses (Fig. 5), which strongly implies 
that the currently known sox genes in GSB have 
only been laterally exchanged within the GSB. 
In addition, all eight genes in the sox gene clus-
ter of GSB (Fig. 4A) have congruent phylog-
enies (data not shown). This suggests that all 
eight sox genes were transferred simultaneously 
as one conserved cluster to each recipient strain. 
How might such a transfer have occurred? Two 
GSB strains, strains DSMZ 273 and DSMZ 265, 
which are very closely related in terms of ribos-
omal RNA phylogeny and genome organization, 
differ in one important respect: the latter strain 
contains the sox gene cluster whereas the former 
strain does not (Table 2). Analysis of the genome 
sequences reveals that the sox cluster in strain 
DSMZ 265 resides on an island that contains four 
additional genes (Fig. 7). This island appears to 
have been inserted into a region of the genome in 
a recent ancestor that was not involved in sulfur 
metabolism. This ancestor was likely similar to 
strain DSMZ 273 and unable to use thiosulfate. 
The genes on the island include a transposase 
(EAO15044), an integrase (EAO15046), and an 
RNA-directed DNA polymerase (EAO15045), 

Fig. 7. Alignment of genomic regions from Chl. luteolum 
DSMZ 273, which cannot utilize thiosulfate, and Chl. 
phaeovibrioides DSMZ 265, which can utilize thiosulfate. 
Syntenic regions (i.e., regions having identical gene arrange-
ments) are connected with gray trapezoids. Genes found in 
both organisms are shown in gray, sox genes are shown in 
black, and other genes are shown in white.
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all of which are indicative of a mobile element. 
The RNA-directed DNA polymerase and the 
integrase are indicative of an RNA virus, and 
thus one possible scenario is that the island is 
a remnant structure derived from an RNA viral 
genome. The sox cluster could have been trans-
ferred into the viral genome by the transpose in 
a previous host and then integrated laterally into 
the genome of strain DSMZ 265. Highly simi-
lar RNA-directed DNA polymerases and inte-
grases are found in several other GSB genomes 
in different genetic clusters, which suggests the 
existence of a GSB-specific RNA virus. To our 
knowledge, no virus of any kind that infects GSB 
has yet been isolated but there is no reason to 
believe such viruses do not exist.

Even though the GSB are closely related and 
exhibit limited apparent variation in physiol-
ogy, it is obvious from genome sequence analy-
ses that their gene contents are highly dynamic. 
For example, Chl. clathratiforme DSMZ 5477 
and Chl. ferrooxidans DSMZ 13031 are closely 
related based on ribosomal RNA phylogeny (Fig. 
1). However, whereas the former has the highest 
number of known and putative genes involved in 
oxidation of sulfur compounds among the GSB 
strains investigated, the latter has lost nearly all of 
these genes and in their place acquired the ability 
to reduce sulfate for assimilatory purposes (Table 
2). On a similar note, Chl. phaeobacteroides 
DSMZ 266 has a single 3.1-Mbp chromosome 
and encodes roughly 1000 genes more than Chl. 
phaeovibrioides DSMZ 265 that only has a 2.0-
Mbp chromosome (Table 1). These observations 
illustrate the dynamic structures of prokaryotic 
genomes and in addition demonstrate that organ-
isms that are very closely related on the basis of 
their cellular core machinery nevertheless can 
have unexpected differences in physiology and 
life style.
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Summary

The oxidation of reduced sulfur compounds is perhaps the most poorly understood physiological  process 
carried out by the green sulfur bacteria (the Chlorobiaceae). My laboratory is testing models of sul-
fur oxidation pathways in the model system Chlorobium tepidum (ATCC 49652 syn. Chlorobaculum 
 tepidum (Imhoff, 2003) ) by the creation and analysis of mutant strains lacking specific gene products. 
The availability of a complete, annotated genome sequence for C. tepidum enables this approach, which 
will specify targets for biochemical analysis by indicating which genes are important in an organis-
mal context. This is particularly important when several potentially redundant enzymes are encoded by 
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the genome for a particular reaction, such as sulfide oxidation. Additionally, we are using proteomics 
approaches to define the subcellular locations of proteins involved in sulfur oxidation pathways. The 
results produced by this research will refine models of anaerobic sulfur oxidation pathways and their 
integration into the global physiology of the Chlorobiaceae.

Abbreviations: IVTM – in vitro transposition mutagenesis; 

SQR – sulfide:quinone oxidoreductase; Dsr – dissimilatory 

sulfite reductase; Gm – gentamycin; PCR – polymerase 

chain reaction; MS – mass spectrometry; LMW – thiol low 

molecular weight organic thiol; CoA – coenzyme A

I. Introduction

The Chlorobiaceae are anoxygenic phototrophs 
characterized by the oxidation of reduced  sulfur 
compounds as electron donors for  photosynthetic 
electron transport and anabolic metabolism (Over-
mann, 2000). The Chlorobiaceae  participate in 
global elemental cycles through carbon  dioxide 
(CO

2
) assimilation, dinitrogen (N

2
) fixation, 

and the oxidation of reduced sulfur compounds 
(sulfide, thiosulfate and elemental sulfur) in 
anaerobic environments. The Chlorobiaceae 
thus provide a valuable ecosystem service: the 
transformation of compounds, like sulfide, that 
can be potently toxic to a wide variety of aero-
bic  organisms, including humans, to relatively 
innocuous forms.

Features that make the Chlorobiaceae of  general 
biological interest include metabolic  pathways 
like the reductive tricarboxylic acid (rTCA) 
cycle of autotrophic CO

2
 fixation (Buchanan 

and Arnon, 1990) and the formation of specific 
symbiotic associations with other  bacteria (Over-
mann and van Gemerden, 2000). The existence 
of the rTCA cycle, now considered one of the 
most ancient metabolic cycles, was first proposed 
based on experiments with Chlorobium limicola f 
sp. thiosulfatophilum (DSM 249 syn. Chlorobac-
ulum thiosulfatophilum (Imhoff, 2003) ) (Evans 
et al., 1966). The Chlorobiaceae also possess 
unique quinones, carotenoids (Powls et al., 1968; 
Jensen et al., 1991; Takaichi et al., 1997; Cho 
et al., 1998), and a complex light harvesting appa-
ratus called the chlorosome (Frigaard and Bryant, 
2004) that is shared with the Chloroflexaceae, the 
green gliding bacteria. The chlorosome is thought 
to allow the Chlorobiaceae to grow at extremely 

low light intensities, which they appear to be 
uniquely suited for among  phototrophs. Strains 
of Chlorobiaceae have been isolated from 
extremely light limited environments including 
deep sea hydrothermal vents (Beatty et al., 2005) 
and anoxic basins in the Black Sea (Overmann 
et al., 1992; Manske et al., 2005), supporting this 
hypothesis.

The wide distribution and gross physiologi-
cal attributes of the Chlorobiaceae indicate that 
they are significant players in the global sulfur 
cycle, but few details are known about their direct 
 contributions to that cycle or the enzymes involved. 
The Chlorobiaceae are found at high densities 
in diverse anoxic environments where dynamic 
sulfur cycling occurs including  geothermal hot 
springs (Castenholz et al., 1990; Wahlund et al., 
1991), freshwater hypolimnia (Butow and Berg-
steinbendan, 1992; Baneras et al., 1999; Tuschak 
et al., 1999; Jung et al., 2000; Vila et al., 2002), 
and estuaries (Imhoff, 2001). Phylogenetic signa-
tures similar to the Chlorobiaceae are found in 
the open ocean (Gordon and Giovannoni, 1996), 
another active sulfur transformation environ-
ment (Gonzalez et al., 1999), albeit an aerobic 
one. Clearly, understanding sulfur oxidation in 
the Chlorobiaceae has general implications for 
 global sulfur cycling in anaerobic environments 
and biotechnological applications in  wastewater 
and industrial gas stream treatment schemes (Kim 
and Chang, 1991; Basu et al., 1994; An and Kim, 
2000; Henshaw and Zhu, 2001).

Prior studies of sulfur oxidation in the Chlo-
robiaceae have produced more contradictions 
than generalities (Paschinger et al., 1974; Shahak 
et al., 1992; Prange et al., 1999; Blöthe and 
Fischer, 2001; Prange et al., 2002; Verté et al., 
2002). Some of these discrepancies may be 
explained by valid strain differences, but a 
 coherent and detailed  picture of the enzymes 
involved in  sulfur oxidation in the Chlorobiaceae 
has yet to emerge. A summary of the state of 
knowledge of sulfur oxidation in C. tepidum, 
with appropriate comparisons to other systems 
follows. The  conservation of sulfur oxidation 
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genes in multiple Chlorobiaceae strains as well 
as characterized strain preferences can be found 
in the chapter by Frigaard and Bryant elsewhere 
in this volume.

A. Organization of Putative Sulfur 
Oxidation Genes in C. tepidum

Many of the predicted C. tepidum sulfur oxi-
dation genes are physically associated on the 
genome as parts of gene and operon clusters, 
which we term Sulfur Islands, ranging from 3 to 
26 genes in size (Fig. 1). Clustering may indi-
cate a common  evolutionary origin and func-
tional significance for clustered genes. Potential 
transposase genes are associated with the Sox 
operon and Sulfur Island I, supporting the 
hypothesis that some of these genes were inher-
ited as complete clusters by horizontal transfer 
(Eisen et al., 2002). 

Two related models for C. tepidum sulfur 
 oxidation pathways have been proposed based on 
the presence of between 52 and 94 genes (Fig. 1) 
encoding proteins that are recognizably similar 
to sulfur oxidation systems in other organisms 
(Eisen et al., 2002; Hanson and Tabita, 2003). 
These genes account for 2–4% of the 2,288 
 predicted genes encoded by C. tepidum (Eisen 
et al., 2002), a significant genetic investment for 
the organism. The lower bound is the number of 
open reading frames with recognizable similar-
ity to sulfur  oxidation genes in other microbes 
(shaded ORF’s only in Fig. 1). The upper bound 
is the total number of genes that are associated 
with these  recognized genes in sulfur islands 
(shaded and white ORF’s in Fig. 1). The uncer-
tainty in the number of genes for these pathways 
reflect the difficulty in  correctly assigning gene 
or protein function in the absence of experimen-
tal verification. These  numbers are also likely 
underestimates as they do not include genes of 
assimilatory sulfur metabolism or low molecular 
weight (LMW) thiol biosynthesis, which may 
play important roles in facilitating or regulating 
sulfur metabolism in C. tepidum. The genes for 
the former are fairly obvious, while the latter 
are completely unknown probably owing to the 
fact that the Chlorobiaceae contain  structurally 
novel LMW thiols (Fahey et al., 1987; Fahey, 
2001). This suggests that model systems like 
C. tepidum have much to tell us about microbial 

processes controlling biogeochemical cycles 
(Friedrich et al., 2001).

When it was isolated (Wahlund et al., 1991), 
C. tepidum was found to utilize sulfide and 
 thiosulfate as electron donors for photosynthesis. 
A typical profile of these compounds as well as 
elemental sulfur through a batch culture growth 
curve clearly shows that C. tepidum consumes 
sulfide first, followed by elemental sulfur and 
finally thiosulfate (Fig. 2). Sulfate accumula-
tion only begins once the oxidation of elemental 
sulfur has started, indicating that it is an obligate 
 intermediate in the conversion of sulfide to sulfate 
in C. tepidum. Brief discussions of the C. tepidum 
genes potentially responsible for the oxidation of 
sulfide, elemental sulfur and thiosulfate follow.

1. Sulfide Oxidation

C. tepidum oxidizes sulfide (HS−) to  elemental 
sulfur (S0) that is accumulated extracellularly 
(Brune, 1989; Brune, 1995). Two enzymes are 
likely candidates for sulfide oxidation, sulfide:
quinone oxidoreductase (SQR) and a flavocyto-
chrome c sulfide dehydrogenase. The C. tepidum 
genome contains genes for both activities and 
functionality for both has been implicated by dif-
ferent studies in different strains of Chlorobiaceae 
(Shahak et al., 1992; Verté et al., 2002).

Studies of other phototrophs have failed to 
 provide evidence for flavocytochrome c activ-
ity in sulfide oxidation. A mutant strain of the 
 purple sulfur bacterium Allochromatium vinosum 
lacking flavocytochrome c was competent for 
sulfide oxidation via SQR (Reinartz et al., 1998). 
Furthermore, Rhodobacter capsulatus contains 
SQR, but no flavocytochrome c, and efficiently 
oxidizes sulfide (Schütz et al., 1997; Schütz 
et al., 1999). Conversely, Rhodopseudomonas 
 palustris, which contains flavocytochrome c and 
lacks SQR (Larimer et al., 2004), is inhibited by 
very low levels of sulfide (>0.25 mM) (Hansen 
and van  Gemerden, 1972). These observations 
suggest that SQR is likely the most important 
route for sulfide oxidation in C. tepidum (Fig. 1). 
C. tepidum has been reported to require sulfide 
for early stages of growth both in batch (Wahlund 
et al., 1991) and reactor scale (Mukhopadhyay 
et al., 1999) cultures unlike other Chlorobiaceae 
that can utilize hydrogen gas or ferric iron (Fe2+) 
as electron donors (Heising et al., 1999).
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Fig. 1. Sulfur oxidation genes and their locations on the C. tepidum genome. The C. tepidum genome is depicted as a circle 
with the origin of replication (nucleotide 1 of the genomic sequence) at the top of the circle. The locations of sulfur oxidation 
gene clusters are indicated as are the structure of each cluster. Open reading frames are represented by arrows. Grey arrows 
are ORF’s with discernible homology to sulfur oxidizing gene products in other microbes, black arrows indicate the borders 
of sulfur oxidation gene clusters, and white arrows indicate ORF’s with unknown functions in sulfur oxidation. Shaded genes 
inside the genome have been experimentally implicated in sulfur oxidation in C. tepidum, while those outside the genome have 
been identified strictly by homology.

2. Elemental Sulfur Oxidation

When sulfide levels are low, the Chlorobiaceae 
oxidize extracellular elemental sulfur, the  product 
of sulfide oxidation, to sulfate. The identity of 
enzymes mediating this process in the Chloro-
biaceae is not clear (Brune, 1989; Brune, 1995; 
Pickering et al., 2001; Prange et al., 2002), though 
speculation exists. The C. tepidum genome anno-

tation (Eisen et al., 2002) predicts that a sulfhydro-
genase/polysulfide reductase activity will oxidize 
H

2
 and reduce elemental  sulfur to sulfide for 

 subsequent oxidation via SQR (Ma et al., 1993). 
However, C. tepidum is normally grown in the 
absence of H

2
 under which conditions it is profi-

cient at elemental sulfur  oxidation (Wahlund 
et al., 1991; Hanson and Tabita, 2001). Furthermore, 
studies on C. limicola suggest that elemental  sulfur 
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is  disproportionated to sulfide and sulfate in a light 
dependent reaction that is independent of H

2
 as a 

source of reductant (Paschinger et al., 1974).
Other possible routes for phototrophic oxi-

dation of elemental sulfur exist in anoxygenic 
phototrophic bacteria. Gene products of the dis-
similatory sulfite reductase (Dsr) system have 
been genetically implicated in elemental sulfur 
oxidation in the purple sulfur bacterium Allochro-
matium vinosum (Pott and Dahl, 1998; Dahl 
et al., 2005). C. tepidum encodes homologs of this 
system including a duplication of the  dsrCABL  

genes (Eisen et al., 2002). One copy of the dsr 
operon along with genes encoding ATP sulfu-
rylase, APS reductase, heterodisulfide reductase, 
thioredoxin reductase and thioredoxin homologs 
constitute Sulfur Island I, one of a number of 
gene clusters encoding potential sulfur oxidizing 
activities (Fig. 1). A more detailed discussion on 
the involvement of the dsr genes in sulfur oxida-
tion by the Chromatiaceae is given by Dahl else-
where in this volume.

Low molecular weight thiols (LMW thiols) 
have been postulated to be involved in  elemental 

Fig. 2. Typical profiles of sulfur compounds in batch cultures of C. tepidum. The concentrations of each of four compounds are 
plotted as a function of time in a photomixotrophic culture of C. tepidum WT2321. Data points are the average of three inde-
pendent cultures. (A) Sulfide (HS−) and elemental sulfur (S0). (B) Thiosulfate (S

2
O

3

2−) and sulfate (SO
4

2−). Note that sulfate is 
much higher than other compounds as two moles of sulfate are produced for each mole of thiosulfate oxidized.
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sulfur oxidation in phototrophic bacteria that 
 contain Dsr complexes (Brune, 1989; Brune, 
1995). Specifically, glutathione amide appears 
to cycle between the thiol (R-SH) and perthiol 
(R-S-SH) forms when A. vinosum oxidizes stored 
elemental sulfur globules (Bartsch et al., 1996). 
A similar process is proposed for C. tepidum, 
but the structure of the thiols and details of their 
involvement is still unclear (see section B.3 of 
this chapter).

Chlorobium limicola and Chlorobium phaeo-
bacteroides have also been reported to use the 
metal sulfides MnS and FeS as growth  substrates 
(Borrego and Garcia-Gil, 1995). Metal sulfides 
are analogous to elemental sulfur in that they 
are largely insoluble. This capability would 
 presumably enable survival in sulfide poor 
 environments. It is not clear whether C. tepidum 
has this activity or not, nor what genes/proteins 
would be required to carry out this function.

3. Thiosulfate Oxidation

Some of the Chlorobiaceae, including C. tepidum, 
also oxidize thiosulfate (S

2
O

3

2−) to sulfate (Over-
mann, 2000). The C. tepidum genome  contains 
a thirteen gene cluster encoding a system simi-
lar to the well characterized Sox sulfur  oxidation 
system of Paracoccus pantotrophus strain GB17 
(Fig. 1) (Friedrich et al., 2001). However, C. tepi-
dum lacks genes encoding the SoxCD  protein 
complex. In P. pantotrophus, SoxCD acts as a 
sulfur dehydrogenase on a SoxY-bound sulfur 
atom liberating six electrons for use in anabolism 
or energy conservation (Quentmeier and Frie-
drich, 2001). As six electrons represents 75% of 
the available reducing power from thiosulfate, it 
seems likely that C. tepidum possesses an alter-
native mechanism for the complete oxidation of 
SoxY-bound sulfur atoms.

B. Gaps and Redundancies in Proposed 
Sulfur Oxidation Pathways

1. Extracellular Elemental Sulfur Oxidation

Extracellular elemental sulfur is oxidized 
by C. tepidum during growth leading to the 
 production of sulfate. This is a challenging bio-
chemical problem in that elemental sulfur is extremely 
hydrophobic and insoluble. Clearly, a mechanism 

must exist that allows C. tepidum to access this 
relatively rich source of reductant, but there 
are no obvious candidate proteins for either the 
 activation or transport of extracellular  elemental 
sulfur encoded by the C. tepidum genome (Eisen 
et al., 2002). This is a particularly difficult  problem 
if elemental sulfur oxidation proceeds via a peri-
plasmic sulfhydrogenase, as was proposed in the 
genome annotation.

A similar problem conceptually is the reduction 
of insoluble electron acceptors such as elemental 
sulfur, metallics and/or humics by anaerobic and 
facultatively anaerobic microbes. At least two 
general strategies have evolved to account for 
this conundrum (Lloyd, 2003). The first is direct 
electron transfer from the cell envelope to the 
acceptor as has been proposed for various metal 
reducing bacteria. In Shewanella oneidensis 
MR-1, this process is thought to involve cyto-
chromes that span the outer membrane of the 
organism and provide a direct path for electrons 
from cytoplasmic or periplasmic reductants to 
the acceptor (Myers and Myers, 2001). A predic-
tion of this mechanism is that cells should be in 
intimate physical contact with the substrate to 
facilitate direct electron transfer. In the case of 
C. tepidum, physical association with elemental 
sulfur would also facilitate capture of the reduced 
product, sulfide or polysulfide. However, our 
observations do not support this proposed 
 strategy of tight associations between the cell 
and elemental sulfur, since C. tepidum does not 
appear to frequently or conspicuously associate 
with sulfur globules in cultures that are actively 
oxidizing elemental sulfur (Chan and Hanson, 
unpublished).

The second strategy for acquisition of these 
insoluble sources of sulfur and reducing power is 
the use of electron shuttling compounds to  mediate 
extracellular electron transfer at sites distant from 
the cell. One particular example among several 
is the apparent use of phenazine antibiotics by 
some soil microbes to facilitate electron transfer 
to metals or other soil components (Hernandez 
et al., 2004). A more recent study reported that 
S. oneidensis MR-1 also has the ability to reduce 
iron at a distance as well as by direct contact (Lies 
et al., 2005). This concept could be translated to 
elemental sulfur oxidation via a low molecular 
weight thiol that could react with exposed –SH or 
–S-S- groups on the surface of elemental  sulfur 
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globules to generate a linear polysulfide that is 
tagged with an organic  molecule. The organic 
could then be used as a specific recognition tag 
for cell surface receptors, which could in effect 
reserve the elemental resource for use only by 
organisms that have the specific receptor.

Neither the direct contact nor action at a 
 distance model has been conclusively tested in the 
Chlorobiaceae, but the subcellular fractionation 
approach discussed in Section III below will test 
the direct electron transfer model by  examining 
the outer membrane proteome of C. tepidum for 
potential electron transfer proteins.

2. Missing and Duplicated Genes

Duplicated genes include subunits of sulfhydro-
genase (hydBG, CT1249-50 and CT1891-92), 
heterodisulfide reductase (hdrA, CT0866 and 
CT1246), sulfide:quinone reductase (CT0117, 
CT0876, CT1087), polysulfide reductase C and B 
subunits (CT0495-96 and CT2241-40) and a long 
duplication of Dsr complex subunits stretching 
>5 kb at > 99.5% DNA sequence identity (dsr-
CABL, CT0851-54 and CT2250-46).  However, 
one of these copies (CT2250-46) contains an 
authentic frame shift in the dsrB gene (Eisen et al., 
2002). Whether both copies of dsrCABL are 
expressed differentially or are indeed  functional 
is currently unknown. Other duplicated or trip-
licated genes appear to encode viable gene 
products, though their functions have not been 
experimentally verified. In particular, the SQR 
homologs appear to have diverged significantly 
from one another, raising the question of whether 
all three can be involved in sulfide oxidation 
(Chan and Hanson, unpublished data).

Some genes are unexpectedly missing includ-
ing the previously discussed soxCD and shxV 
(Friedrich et al., 2001). The shxV gene in P. pan-
totrophus encodes a product similar to CcdA 
proteins that are involved in the maturation of 
periplasmic cytochromes. A P. pantotrophus 
shxV mutant is unable to oxidize either thiosul-
fate or molecular hydrogen, but is not generally 
defective for periplasmic cytochrome biogenesis 
(Bardischewsky and Friedrich, 2001). A substi-
tute function for ShxV in C. tepidum could be 
encoded by CT1559. The CT1559 gene product 
is similar to the plastid encoded ccsA/ycf5 gene 
product of Chlamydomonas reinhardtii, which was 

genetically shown to be involved in  cytochrome 
maturation (Xie and Merchant, 1996). CT1559 
is not associated with any other predicted sulfur 
 oxidation genes on the C.  tepidum genome (Eisen 
et al., 2002).

3. Other Aspects

The model of sulfur oxidation put forward with the 
C. tepidum genome annotation does not propose 
any mechanism for the transport and assimilation 
of reduced sulfur or thiosulfate into methionine 
and cysteine (Eisen et al., 2002). As C. tepidum 
does not require these amino acids for growth, this 
process must occur. Cysteine synthase activity 
has been directly assayed in C. tepidum (Hanson 
and Tabita, 2001) and sufficient levels of activity 
were found to account for the ability to grow in 
medium lacking cysteine supplementation. Genes 
for both methionine and cysteine biosynthesis 
from sulfide and precursor metabolites have been 
identified (Eisen et al., 2002). Presumably the 
sulfide for biosynthesis must be generated in the 
cytoplasm, but reductive sulfate assimilation has 
never been observed in the Chlorobiaceae (Over-
mann, 2000) suggesting transport of sulfide by an 
unknown mechanism as a route for providing this 
nutrient. It is unclear whether or not cysteine or 
methionine biosynthetic activities are regulated 
by exogenous substrate.

Models of sulfur oxidation in C. tepidum  predict 
that sulfate will be generated in the  cytoplasm. 
Sulfate accumulates extracellularly (Fig. 2) in 
C. tepidum cultures, implying a transport 
 mechanism as the divalent anion is not likely to 
cross the cytoplasmic membrane by diffusion. 
However, the C. tepidum genome lacks a clearly 
identifiable sulfate transporter (Eisen et al., 2002). 
The lack of a recognizable sulfate transporter also 
supports the notion that sulfide for sulfur amino 
acid biosynthesis may be transported from  outside 
the cell when it is available.

As noted briefly above, the Chlorobiaceae also 
lack clearly identifiable genes for the  biosynthesis 
of typical redox buffering LMW thiol compounds, 
with the exception of CoA, which is used by 
some Gram positive bacteria. Genes have been 
identified for the biosynthesis of glutathione, 
mycothiol, and ergothionine in various microbes 
(Fahey, 2001), and these have been used to search 
the C. tepidum genome for homologs without any 
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 success (Hanson, unpublished data). C. limicola has 
been shown to contain a LMW thiol named U11, 
for an unknown compound with a  retention time 
of 11 minutes in an HPLC separation, that does 
not correspond to the retention time of  common 
thiol compounds (Fahey et al., 1987). C. tepidum 
appears to contain U11 and as many as four other 
novel LMW thiols (Hanson,  unpublished data). 
Thus, LMW thiol biosynthetic genes should 
be part of a Chlorobiaceae specific suite of 
genes shared amongst these genomes, but not by 
other microbes. It will be interesting to see what 
roles these compounds play in the function and 
regulation of sulfur oxidation pathways in the 
Chlorobiaceae.

II. Genetic Studies

A. Genetics in the Chlorobiaceae

The ability to genetically manipulate members of 
the Chlorobiaceae has been developed to a quite 
useful level, but it is not by any means mature. 
It will become increasingly important to develop 
additional techniques for subtle genetic manipu-
lations and ectopic gene expression as more 
genomic information is rapidly developed for this 
group of organisms (see the chapter of Frigaard 
and Bryant in this volume).

The first instance of genetic manipulation 
in the Chlorobiaceae was reported by John 
Ormerod in 1987 at the EMBO Workshop on 
Green and  Heliobacteria in Nyborg, Denmark 
(Ormerod, 1988). This involved the transfer of 
a  spontaneously arising streptomycin resistance 
allele between two strains of Chlorobium  limicola 
strain Tassajara (DSM 249 syn. Chlorobacu-
lum thiosulfatiphilum (Imhoff, 2003) ) and 8327 
(DSM 263 syn. Chlorobaculum parvum (Imhoff, 
2003) ) by natural transformation (the ability 
of certain microbes to assimilate exogenously 
 provided DNA into their genome by homologous 
recombination).

Natural transformation is still the preferred 
method of genetic manipulation the  Chlorobiaceae 
and has been used to inactivate genes encoding 
chlorosome proteins in Chlorobium vibrioforme 
as well (Chung et al., 1998). The ability to inactivate 
specific genes in C. tepidum was reported in 2001 
in two separate reports describing the insertional 

inactivation of genes encoding a nitrogenase 
subunit (Frigaard and Bryant, 2001) and a 
RubisCO-like protein (Hanson and Tabita, 
2001). Subsequently, gene inactivation has been 
used with great effect to delineate pathways of 
bacteriochlorophyll and carotenoid biosynthesis 
in C. tepidum (Vassilieva et al., 2002a; Frigaard 
et al., 2004a; Frigaard et al., 2004b; Maresca 
et al., 2004). While gene by gene inactivation 
is certainly useful, additional genetic approaches 
to increase the rate of analysis of the C. tepidum 
genome need to be developed and one of these is 
briefly described below.

B. In Vitro Transposition Mutagenesis 
of C. tepidum Sulfur Islands

To take advantage of the large gene clusters 
encoded by the Sulfur Islands evident in the 
C. tepidum genome (Fig. 1), we have employed in 
vitro transposition mutagenesis (IVTM). IVTM 
is a molecular genetic technique that constructs 
a library of DNA fragments each containing a 
unique transposon insertion. By using specific 
fragments of the C. tepidum genome produced 
by PCR, a transposon mutant library can be 
constructed that is tightly focused on a specific 
genomic region. Each transposon insertion that 
occurs in a gene creates a knock-out mutation 
of that gene, rendering it incapable of  producing 
the protein it normally encodes. Transfer of these 
mutated fragments back into C. tepidum creates 
mutant strains lacking specific proteins, which can 
then be analyzed for defects in sulfur  oxidation. 
IVTM was originally developed for the genetic 
analysis of various enteric and  mycobacteria 
(Rubin et al., 1999; Wong and Mekalanos, 2000) 
and has been utilized in the genetic analysis of 
various other microbes as reviewed by Hayes 
(Hayes, 2003). IVTM has now been commercial-
ized and transposases are available from several 
companies. IVTM should be adaptable to insert 
nearly any fragment of DNA that can be PCR 
amplified as the only requirement is that the trans-
posase recognition sites flank the section of DNA 
to be inserted. The transposase recognition sites 
are easily added by including them at the ends of 
the PCR primers used to amplify the  fragment of 
interest.

C. tepidum Sulfur Island I (Fig. 1) is a 33 kb 
section of the genome that contains sixteen 
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genes encoding for potential sulfur oxidation 
enzymes: thioredoxin and thioredoxin reductase, 
trx2 (CT0841) and trxB (CT0842), dissimila-
tory sulfite reductase and functionally associated 
 proteins, dsrC1A1BLEFH (CT0851-57), sulfate 
adenylyltransferase, sat (CT0862),  adenylylsulfate 
reductase, apsBA (CT0864-65, known as aprAB in 
many other organisms), heterodisulfide reductase, 
hdrA-1A-1′E (CT0866-68), and a sulfide:quinone 
oxidoreductase (sqr)-like (CT0876) homolog. Sul-
fur Island I contains twenty one ORF’s encoding 
hypothetical and conserved hypothetical proteins 
(CT0843-50, CT0858-61, CT0863, CT0869-75, 
and CT0877), well more than half of the thirty 
seven ORF’s in this region. In addition, a predicted 
transposase is encoded by CT0878 suggesting that 
this region of the C. tepidum genome has been 
modified by lateral transfer.

An ~11 kb subsection of Sulfur Island I (SI-I-3, 
Fig. 3) containing genes CT0866-CT0876 was 
chosen to provide a proof of concept that IVTM 
could be successfully applied to C. tepidum. This 
fragment was amplified by PCR and cloned into 
E. coli followed by IVTM using a synthetic trans-
poson, TnOGm, produced from pTnMod-OGm 
(Dennis and Zylstra, 1998) by PCR. This trans-
poson was selected because it carries the aacC1 
gentamycin resistance marker that had previously 
been used to disrupt the C. tepidum nifD gene 
(Frigaard and Bryant, 2001). TnOGm also car-
ries a conditional origin of replication that will 
allow self cloning of TnOGm insertions in future 
experiments and is one of a large series of such 
transposons with varying resistance markers 
and structures available from Gerben Zylstra at 
Rutgers University (Dennis and Zylstra, 1998).

Following cloning of the SI-I-3 fragment, 
IVTM was performed with TnOGm and a library 
of mutated plasmids was recovered in E. coli by 
virtue of the Gm resistance marker of TnOGm. 
DNA was purified from this library and then 
used to transform C. tepidum. Randomly selected 
gentamycin resistant colonies of C. tepidum 
were screened by PCR of the SI-I-3 region to 
verify that TnOGm insertion had occurred and 
broadly localize the site of transposon insertion. 
The specific site of TnOGm insertion in mutant 
strains displaying growth defects was analyzed 
by sequencing out from TnOGm in the SI-I-3 
PCR product produced from each strain (Fig. 
3A). Strains AK and AJ contained transposon 

insertions in gene CT0868 encoding an HdrE 
homolog and CT0867 encoding a fusion of HdrA 
and HdrD proteins called HdrA-1′, respectively. 
These genes will certainly be renamed in light of 
recent work on homologs in the sulfate reducer 
Desulfovibrio desulfuricans described in the next 
section. Genes from 3′ of hdrA-1′ to the 5′ end of 
the sqr-like ortholog (CT0867-76) were deleted 
and replaced with TnOGm in strain C5. Details 
of the IVTM procedures and conditions will be 
described fully elsewhere (Chan et al., manu-
script in preparation).

C. Physiological Characterization 
of Mutant Strains

Initial characterization of IVTM generated 
SI-I-3 mutant strains indicated that the Gm 
resistance marker in TnOGm appears to be tem-
perature sensitive (Fig. 3B). Both single inser-
tion mutant strains are incapable of growth at 
48°C in the presence of Gm, while the insertion 
deletion strain C5 is clearly defective for growth 
at 48°C in the presence or absence of Gm. All 
mutant strains grew well with or without Gm at 
42°C indicating that the Gm marker was func-
tional. The wild type was incapable of growth 
in the presence of Gm at either 42 or 48°C. The 
 temperature  sensitivity of a selectable marker can 
complicate some  physiological analyses and will 
need to be addressed for each marker that will be 
used in C. tepidum. Because of this, physiological 
measurements are routinely made on cells grown 
at 48°C, the reported optimum growth tempera-
ture for C. tepidum, in the absence of Gm selec-
tion. Despite the absence of antibiotic selection, 
the  genotype of insertion mutants including the 
TnOGm mutants is stable under these conditions 
(Chan et al., manuscript in preparation). Starter 
cultures for physiological analysis and those for 
the preparation of frozen permanents are always 
grown at 42°C under appropriate selection.

Strain C5, the insertion-deletion strain, 
 displayed a markedly temperature sensitive phe-
notype exhibiting comparable growth in com-
parison to the wild type at 42°C, but exhibiting 
a significant growth deficiency at a growth tem-
perature of 48°C (Fig. 3B). The single mutant 
strains both had more subtle phenotypes, but 
also displayed reproducible growth yield defects 
compared to the wild type. All mutant strains 
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exhibited defects in sulfur oxidation,  particularly 
in thiosulfate oxidation. The genes affected 
include homologs of a membrane protein com-
plex, the quinone interacting membrane bound 
oxidoreductase (Qmo) as named in Desulfovibrio 
 desulfuricans (Pires et al., 2003). In C. tepidum, 
the Qmo homologs (CT0866-0868, referred to as 
hdrA-1, hdrA-1′, and hdrE above and in Fig. 3A) 
are part of Sulfur Island I and the results indicate 
that these genes are important for optimal growth 
of C. tepidum. The insertion-deletion strain C5 
has also lost a number of hypothetical open read-
ing frames and the first part of a gene encoding 
one of three SQR homologs in C. tepidum. These 
mutant strains provide the first experimental evi-
dence for specific sulfur oxidation genes being 

important to the overall function of the Chloro-
biaceae. The detailed characterization of these 
strains and their phenotypes is being prepared for 
publication (Chan et al., manuscript in prepara-
tion). While the precise function of the Qmo com-
plex is still not known, it appears to be present in 
sulfate reducing bacteria and archaea and it has 
been suggested that it may function to mediate 
electron transfer between the membrane quinone 
pool and APS reductase and thereby contribute to 
energy conservation.

The results taken together strongly suggest 
that IVTM is a viable route for making inser-
tion mutations in tightly focused regions of the 
C. tepidum genome providing another tool for the 
genetic dissection of metabolism in the Chloro-

Fig. 3. Single mutations in SI–I–3 result in growth yield defects, while an insertion–deletion results in drastic reductions in 
growth rate and growth yield. A. Physical map of SI–I–3 (see Fig. 1 for context) and genotypes of relevant mutants. ORF’s are 
depicted as arrows and gene names provided. The genes hdrA-1, hdrA-1′ and hdrE encode proteins similar to subunits of the 
QmoABC complex of D. desulfuricans as discussed in the text. White arrows depict ORF’s encoding hypothetical and con-
served hypothetical proteins, while grey arrows depict regions of the transposon, TnOGm. B. Growth of wild type and SI-I-3 
mutant strains. Strains were grown in acetate containing Pf-7 medium as previously described (Hanson and Tabita, 2001) in the 
presence (filled symbols) or absence (open symbols) of 4 µm Gm ml−1. Symbols: wild type ◊, strain AJ □, strain AK �, inser-
tion–deletion strain C5 ○.
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biaceae to complement gene by gene inactivation. 
The development of additional tools, includ-
ing complementation of mutations, heterologus 
gene expression, reporter gene  development, 
and  others are actively being  pursued and should 
provide yet more tools to understand the  biology 
of these organisms. C. tepidum will apparently 
maintain certain broad host range plasmids 
(Wahlund and Madigan, 1995) indicating that 
mutant  complementation by ectopic gene expres-
sion should be feasible, although this has yet to 
be demonstrated.

III. Proteomic Studies

A. Proteomics in the Chlorobiaceae

Proteomics can be broadly defined as the deter-
mination of the entire suite of proteins synthe-
sized by a population of cells in response to 
prevailing environmental conditions. In practice, 
the entire suite of proteins is rarely resolved and 
usually a subset is examined to determine the 
identity of specific proteins that are differen-
tially  synthesized in cells faced with a particular 
 challenge or growth condition. A useful subset of 
proteomics is subcellular proteomics, or defining 
the protein complement of specific subcellular 
components.

The primary tools of proteomics since the 
coining of the term in 1995 (Patterson and 
Aebersold, 2003) have been two dimensional 
polyacrylamide gel electrophoresis (2D PAGE), 
gel image analysis, and mass spectrometric (MS) 
methods of protein identification. It should be 
noted that 2D-PAGE in particular has a long 
and proven track record in defining protein 
complements before the term proteomics was 
coined, for  example, see the work of Neidhardt 
and co- workers in the 1970s and 1980s (Bloch et al., 
1980; Phillips et al., 1980; Neidhardt et al., 
1989). More recently, 2D-PAGE is being 
supplanted by liquid chromatographic separations 
of proteolytically digested cellular extracts 
followed by direct MS identification of specific 
peptides (Patterson and Aebersold, 2003). Iso-
topic and dye based peptide and protein labeling 
systems have also been developed to facilitate 
quantitative comparisons of proteomic samples 
(Patton, 2002).

2D-PAGE has only recently been applied to 
C. tepidum to analyze the proteome under stand-
ard growth conditions. Tsiotis and co-workers 
have examined both the membrane proteome 
( Aivaliotis et al., 2004a, 2004b, 2006a) as well as 
cytoplasmic protein complexes (Aivaliotis et al., 
2006b). Subcellular proteomics has been applied 
in a focused manner to examine the  protein 
 complement of the chlorosome in C. tepidum 
(Chung et al., 1994; Bryant et al., 2002; Vassil-
ieva et al., 2002b). Both 2D-PAGE and subcel-
lular proteomics have been utilized to study 
widespread changes in the C. tepidum proteome 
resulting from the loss of the RLP (Hanson and 
Tabita, 2003).

B. Subcellular Fractionation of 
C. tepidum to Identify Secreted and Outer 
Membrane Proteins

Starting from existing protocols for subcellular 
fractionation of C. tepidum (Vassilieva et al., 
2002b; Hanson and Tabita, 2003), my  laboratory 
is now attempting to specifically isolate both 
the secreted and outer membrane proteome of 
C. tepidum to identify proteins involved in elemen-
tal sulfur oxidation. As outlined above, the outer 
membrane may contain electron transfer proteins 
if direct cellular contact is the primary mode of 
elemental sulfur oxidation. Secreted proteins may 
be involved in either the direct contact or action 
at a distance model of sulfur oxidation. Genes 
encoding proteins identified by this approach will 
be analyzed for their expression patterns followed 
by mutagenesis as described above.

Prior membrane proteome studies of C. tepidum 
have provided a limited number of outer 
membrane protein identifications, but ~70% of 
proteins previously identified in membrane prep-
arations are known or predicted to be cytoplasmic 
(Aivaliotis et al., 2006a). Acidic glycine extrac-
tion to selectively enrich outer membrane pro-
teins was somewhat more successful with ~37% 
of proteins identified as being either periplasmic 
or outer membrane proteins.

A variety of methods have been used over the 
last 30 years to separate inner and outer mem-
brane protein fractions from Gram negative 
bacteria (Mizuno and Kageyama, 1978; Shen 
et al., 1989; Buonfiglio et al., 1993; Link et al., 1997; 
Sagulenko et al., 2001; Yarzabal et al., 2002; Baik 
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et al., 2004; Huang et al., 2004). A number 
of these methods were used to fractionate 
 chlorosome depleted membranes of C. tepidum 
(Vassilieva et al., 2002b). Solubilization with 
the detergent Nonidet P-40, used to extract outer 
membrane proteins from Hyphomonas jannas-
chiana (Shen et al., 1989), was found to reliably 
produce  distinct banding patterns when NP-40 
soluble and  insoluble fractions were compared 
by 1D SDS-PAGE (compare the NP40-S and 
NP40-P fractions in Fig. 4). Protein  identification 
by mass spectrometry is proceeding from these 
fractions and preliminary data indicates that 
NP-40 soluble proteins are predominantly inner 
membrane  proteins including reaction center 
and ATPase subunits, while the NP-40 insoluble 
 proteins are outer membrane proteins (Snellinger-
O’Brien, Morgan-Kiss, Johnston and Hanson, 
 unpublished).

C. Proteomics of Sulfur Oxidation Mutants

The improved fractionation protocol outlined 
above is currently being applied to C. tepidum 
in our laboratory along with additional fractiona-
tion and detection techniques. Heme staining via 
 peroxidase activity (Thomas et al., 1976) has 

been applied to subcellular fractions from C. tepidum 
WT2321 (Fig. 5) and mutant strains including C5 
and an additional mutant strain, C3. The muta-
tion in strain C3 is localized to Sulfur Island II 
(Fig. 1) and the strain appears to be  defective 
for elemental sulfur oxidation. Current data 
(Fig. 5) indicate C. tepidum synthesizes at least 
a dozen hemoproteins with distinct subcellular 
localizations and that strain C5 overexpresses a 
~25 kDa outer membrane heme protein  relative 
to WT2321. Two heme stained proteins are 
apparent in secreted protein fractions at ~15 kDa 
and 5 kDa, which are distinct from hemoproteins 
observed in other fractions. The 15 kDa protein 
appears to be  overexpressed in strain C3 while 
the 5 kDa protein appears to be overexpressed in 
strain C5. As the identities of these hemoproteins 
are resolved, they should provide great insight 
into mechanisms of sulfur oxidation in C. tepi-
dum. In addition, there appear to be clear changes 
in protein expression profiles in the inner and 
outer membranes in both strains C5 and C3 when 
total proteins are visualized by Coomassie stain-
ing (compare lanes within each fraction across 
strains in Fig. 4). Identification of the hemo-
proteins and differentially expressed proteins 
along with detailed studies of growth and sulfur 
compound utilization by these  particular mutant 
strains are underway. 

IV. Conclusions

A combination of approaches will be required to 
fully understand anaerobic sulfur oxidation path-
ways in the Chlorobiaceae. The combination of 
genetic and proteomic approaches outlined above 
will serve as a starting point to identify the  proteins 
critical for this process in the model system 
C. tepidum. Parallel approaches including com-
parative genomics as described by Frigaard and 
Bryant elsewhere in this volume will  determine 
the distribution of these proteins across not only 
the Chlorobiaceae, but in other sulfur oxidizing 
microbes as well and thus translate to an over-
all improved understanding of  biogeochemical 
cycling. Biochemical, crystallographic and more 
refined genetic approaches applied to genes/ 
proteins identified in C. tepidum, including gene 
fusions, site directed mutagenesis and expression 
of exogenous genes in C. tepidum for mutant 

Fig. 4. Subcellular fractionation of C. tepidum strains. Chlo-
rosome depleted membranes were prepared via fractionation 
on sucrose gradients from the wild type (WT) and two IVTM 
generated mutant strains (C3 and C5) of C. tepidum and then 
fractionated by solubilization with the detergent Nonidet 
P40 into detergent soluble (NP40-S) and insoluble (NP40-
P) fractions. Proteins in each fraction were separated by 1D 
SDS-PAGE and stained with colloidal Coomassie blue. The 
NP40–S fraction is enriched in inner membrane proteins 
while the NP40–P fraction is enriched in outer membrane 
proteins.
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complementation will also bring about a more 
detailed understanding of anaerobic  sulfur oxida-
tion in general and further establish C. tepidum as 
one of the most useful and relevant model  systems 
for the genetics of strictly anaerobic processes.
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Summary

Anoxygenic phototrophic sulfur bacteria florish where light reaches sulfidic water layers or sediments. 
Their often dense communities have continuously attracted the attention of microbiologists. Although the 
major fraction of the existing diversity of phototrophic sulfur bacteria remains to be explored, ecophysi-
ological studies have revealed a number of selective factors which govern the growth and the survival 
of phototrophic sulfur bacteria in the environment. Some novel aspects of the ecology of phototrophic 
sulfur bacteria have become apparent recently. Representing the most extremely low-light adapted pho-
tosynthetic organisms known to date, a brown-colored Chlorobium strain colonizes the chemocline of 
the Black Sea and is capable of maintaining a stable population at 0.0007% of surface light intensity. 
Besides the light intensity, the spectral composition of ambient light is a selective factor for the com-
position of anoxygenic phototrophic communities. A strong competition for infrared light occurs in 
laminated microbial benthic mats where phototrophic sulfur bacteria occupy their niches according to 
their long wavelength absorption properties. During evolution this apparently has led to the formation 
of a novel type of pigment-protein complex which was recently detected in a benthic Chromatiaceae 
species. Thirdly, the capability to establish a highly specialized symbiosis with motile Proteobacteria 
enabled some species of green sulfur bacteria to acquire motility. In these phototrophic consortia, a rapid 
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signal transfer exists between the two partners and permits a scotophobic response toward light required 
by the immotile green sulfur bacterial epibiont. The isolation and characterization of dominant species 
of phototrophic sulfur bacteria and an improved understanding of their particular niche has also implica-
tions for the interpretation of molecular fossils of these bacteria which have been detected in sedimentary 
rocks of all geological eras and interpreted as evidence for the existence of extended oceanic anoxia in 
the past.

I. Introduction

Anoxygenic phototrophic sulfur bacteria occur 
where light reaches anoxic layers in the water 
column or aquatic sediments. Since the antiquity, 
colored waters or sediments occurring in various 
natural environments were described by natural 
scientists. First observations of blood-red lakes 
and swamps were reported from the Nile area. 
Red coloration of a crater lake near Rome was 
described by Pliny in 208 BC and reddish waters 
were observed at the seashore near Venice in the 
year 586 AD (Kondratieva 1965).

The first to describe unicellular motile pho-
totrophic sulfur bacteria was Ch. G. Ehrenberg 
(1883), who discovered dense accumulations of 
purple sulfur bacteria, then named Monas okenii 
(now Chromatium okenii) at the sediment surface 
of a small polluted pond near Jena in Eastern Ger-
many. Since then, dense communities of purple 
and green sulfur bacteria (Fig. 1) have continu-
ously attracted the attention of microbiologists 
due to their conspicuous reddish, green or brown 
coloration and have stimulated numerous inves-
tigations of their environments, their morphol-
ogy, physiology as well as repeated cultivation 
attempts (e.g., Winogradsky, 1887; Engelmann, 
1988; Bavendamm, 1924; van Niel, 1931).

Earlier investigations of the community 
composition and physiology of these bacteria 
included measurements of relevant environmen-
tal parameters and physiological rates in situ (e.g., 
Sorokin, 1970). Elaborate cultivation techniques 
were developed based upon the insights into their 
ecological niches (Pfennig, 1993). More recently, 
a suite of culture-independent molecular meth-
ods have been established und permitted novel 
insights into the ecophysiology and population 
biology of phototrophic sulfur bacteria.

The current chapter will focus on the ecology 
of purple sulfur bacteria (members of the Chro-
matiaceae and Ectothiorhodospiraceae) and the 
green sulfur bacteria (Chlorobiaceae). Besides 
providing a condensed view on the ecology 
of these groups, novel aspects are addressed 
including extreme low-light adaptation, low 
maintenance energy requirements, the forma-
tion of symbioses in phototrophic consortia 
and, finally, the analysis of fossil phototrophic 
communities.

II. Habitats and Natural Populations 
of Phototrophic Sulfur Bacteria

A. Ecological Niches

1. Light Quantity and Quality

Typically, accumulations of phototrophic sulfur 
bacteria have been observed between 2 and 20 m, 
rarely down to 30 m depth in pelagic environ-
ments (Montesinos et al., 1983; Guerrero et al., 
1987b; Gorlenko, 1988; van Gemerden and Mas, 
1995; Herbert et al., 2005). In such environments, 
values for the light transmission to populations 
of phototrophic sulfur bacteria range from 0.015 
to 10% (Parkin and Brock, 1980a; van Gemer-
den and Mas, 1995). Chromatiaceae so far have 
been found in chemocline environments down to 
depths of ≤20 m. The tight correlation between 
anoxygenic photosynthesis and the available 
irradiance suggests that light is the main environ-
mental variable controlling the activity of pho-
totrophic sulfur bacteria.

Since the accumulation of phototrophic sul-
fur bacterial cells results in an increased self-
shading, they can only extend over a limited 
vertical distance, which is reciprocally related 
to the amount of biomass present. Accord-
ingly, the densest pelagic communities of 

Abbreviations: Bchl bacteriochlorophyll
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phototrophic sulfur bacteria (up to 28 mg bac-
teriochlorophyll.l−1; Overmann et al., 1994) 
extend over a depth range of 10 cm (Overmann 
et al., 1991a) whereas the least dense popula-
tion in the Black Sea (0.068–0.94 µg BChle.l−1) is 
spread out over a depth interval of 30 m (Rep-
eta et al., 1989; Manske et al., 2005). Commu-
nities of phototrophic sulfur bacteria in littoral 
sediments of sandy beaches, salt marshes or 
intertidal mudflats live in a significantly 
steeper light gradient and growth is limited to 
the uppermost 1.5–5 mm (van Gemerden and 
Mas, 1995). At the same time, biomass densi-
ties of 900 mg bacteriochlorophyll.dm−3 can be 
attained in these latter systems (van Gemerden 
et al., 1989).

In purple bacteria, the size of the photosynthetic 
antenna is in the range of 20–200 bacteriochloro-
phyll a per reaction center (Zuber and Cogdell, 
1995). The photosynthetic antenna of green sulfur 
bacteria consist of specialized intracellular struc-
tures (so-called chlorosomes) and are significantly 
larger than those of other anoxygenic phototrophs 
with about 5000–8000 bacteriochlorophyll mol-
ecules connected to one reaction center (Frigaard 
et al., 2003). In addition, the theoretical quantum 
requirement for the CO

2
-fixation of purple sulfur 

bacteria is 8–10.5 mol quanta.(mol CO
2
)−1, but 

only 3.5–4.5 mol quanta.(mol CO
2
)−1 for green 

sulfur bacteria (Brune, 1989). While the values for 
purple sulfur bacteria have been verified experi-
mentally, much higher values than theoretically 

Fig. 1. Typical composition of a pelagic community of phototrophic and chemotrophic bacteria. Samples from the chemocline 
of dimictic Lake Dagow (North Brandenburg, Eastern Germany; obtained in September 2006) were left overnight after sam-
pling for sedimentation of microbial cells. A. Purple sulfur bacteria (psb) containing numerous yellowish sulfur droplets. Pr, 
brown-colored phototrophic consortium “Pelochromatium roseum” in a partically disaggregated state. B. Brown- and green 
colored forms of Chlorobium clathratiforme (Ccl) and platelet-like microcolony of the purple sulfur bacterium Thiopedia 
rosea (Tr). C. Intact “Pelochromatium roseum” (Pr), one disintegrated phototrophic consortium “Chlorochromatium aggrega-
tum” (Ca). Green-colored epibionts surround the central chemotrophic bacterium. Tr, Thiopedia rosea; Cn, filamentous green 
bacterium Chloronema sp. (Chloroflexaceae); Plr, filamentous cyanobacterium Planktothrix rubescens. Highly refractile and 
irregular intracellular regions in the latter three bacteria are gas vacuoles. Bar, 10 µm (See Color Plates).
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expected were reported so far for green sulfur 
bacteria. This discrepancy warrants further inves-
tigations. In addition to their larger antenna, green 
sulfur bacteria exhibit lower maintenance energy 
requirements and higher sulfide tolerance than 
other phototrophic sulfur bacteria (Overmann and 
Garcia-Pichel, 2000) and hence are especially 
well adapted to low-light habitats.

In the chemocline of the Black Sea, brown-
colored green sulfur bacteria form an extremely 
dilute, but detectable population. The uppermost 
sulfidic water layers were detected at 80–120 m 
depth, while light attenuation in the overlying 
water layers is comparable to other stratified 
aquatic systems. As a consequence, the Black 
Sea chemocline is characterized by a very 
extreme low-light situation. According to recent 
measurements conducted with an integrating 
quantum meter, maximum in situ light intensi-
ties reach only 0.0022–0.00075 µmol Quanta × 
m−2 s−1 during winter, corresponding to 0.0007% 
of surface light intensity (Manske et al., 2005), 
while other environmental factors correspond 
to those prevailing in other oxic/anoxic habitats 
of phototrophic sulfur bacteria (Overmann and 
Manske, 2006). Combining the data on available 
light intensities and on concentrations of photo-
synthetic pigments, it can be calculated that each 
bacteriochlorophyll e molecule of the green sul-
fur bacteria on average absorbs one photon every 
8 hours (Overmann and Manske, 2006).

Culture-independent 16S rRNA gene sequence 
analyses of the bacterial community present in 
the Black Sea chemocline revealed that one single 
and novel phylotype (BS-1) of green sulfur bac-
teria persisted over more than 13 years (Manske 
et al., 2005). These bacteria thus form a single 
population under the extreme conditions in the 
Black Sea chemocline, while other types of anox-
ygenic phototrophic sulfur bacteria could not 
be detected. Its continuous presence suggests a 
specific adaptation of phylotype BS-1 to the spe-
cific environmental conditions in the Black Sea 
chemocline and a high competitive advantage in 
situ. Subsequent H14CO

3

− - incorporation studies 
indicated that phylotype BS-1 is in fact capable 
of exploiting the minute light quantum flux avail-
able in situ.

From water samples obtained during the US-
Turkish expedition of the RV Knorr, the first suc-
cessful enrichment of the chemocline bacterium 

could be established (Overmann et al., 1992). This 
bacterium was isolated again from chemocline 
water samples recovered in 2001 from a depth 
of 95 m in the central western basin (Manske 
et al., 2005) and permitted first insights into its 
specific mechanisms of adaptation to extreme 
low-light conditions. In comparison to all other 
green sulfur bacteria tested, the Black Sea isolate 
incorporated H14CO

3

−, oxidized sulfide and grew 
significantly faster at light intensities ≤1 µmol 
Quanta × m−2 s−1.

Acclimation to very low light intensities in 
most phototrophic organisms involves an increase 
in the size of the photosynthetic unit (Göbel, 
1978; Drews and Golecki, 1995; Sanchez et al., 
1998). In the Black Sea isolate, the intracellu-
lar concentration of light-harvesting pigments is 
twice as high than in other green sulfur bacteria 
(Overmann et al., 1992) and chlorosomes are 
twofold larger than in another strain investigated 
(Fuhrmann et al., 1993). A conspicuous feature 
of the low-light-adaptation of the green sulfur 
bacterium from the Black Sea is the presence of 
geranyl homologs of BChle, which had never 
been described for any other isolate of green sul-
fur bacteria. The structure of the esterifying alco-
hols in the bacteriochlorophylls of green sulfur 
bacteria may influence the function of the light-
harvesting chlorosomes (Steensgard et al., 2000). 
Interestingly, geranyl ester isobutyl/ethyl [I, E]-
Bchle

G
 an unusual Bchl e- homologue, and minor 

amounts of ethyl/methyl, ethyl/ethyl and propyl/
ethyl-Bchle

G
 were detected in the chemocline 

as well as in cultures of strain BS-1. Upon low-
light-adaptation of the culture of BS-1, the com-
position of these homologues changes towards 
a strong dominance of the higher alkylated 
[I, E]-Bchle

G
 (Manske et al., 2005). The alkyl side 

chains of the BChl tetrapyrrol system are directly 
involved in the aggregation of BChl molecules 
(van Rossum et al., 2001). Accordingly, a higher 
degree of alkylation leads to a red shift of the 
Q

y
 absorption maximum by 7–11 nm, which has 

been hypothesized to increase the energy trans-
fer efficiency of the chlorosomes (Borrego and 
Garcia-Gil, 1995). The extremely efficient low 
light utilization of the Black Sea isolate comes 
at a price, however, since its specific physiologi-
cal rates at saturating light intensities are much 
lower than in other phototrophic sulfur bacteria. 
The low specific metabolic rates reached under 
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light-saturation may be caused by a reduction in 
the intracellular enzyme levels which may rep-
resent a way to decrease maintenance energy 
demand of the BS-1 cells (see section II.B).

Besides the available light intensity, the com-
position of the underwater light spectrum is a 
selective factor for the composition of anoxy-
genic phototrophic communities and differs con-
siderably between pelagic and benthic habitats. 
In many lacustrine habitats, light absorption by 
phytoplankton exceeds that of humic substances 
or water itself and light of the bluegreen to green 
wavelength range reaches layers of phototrophic 
bacteria. In contrast, infrared light is an important 
source of energy in benthic microbial mats.

In general light absorption by anoxygenic pho-
totrophs in the free water column is mediated 
by carotenoids and the short wavelength (Soret) 
bands of bacteriochlorophylls. In coastal and most 
lacustrine waters, the in vivo-absorption spectrum 
of Chromatiaceae which contain the carotenoid 
okenone matches the available light of the green 
wavelength range. Accordingly, okenone-bearing 
Chromatiaceae dominate in 63% of all natural 
communities investigated (van Gemerden and 
Mas, 1995) which has been explained by their 
higher efficieny of light absorption compared 
to species containing other types of carotenoids 
(Guerrero et al., 1987b; Overmann et al., 1991a). 
Dominant Chromatiaceae are obligately photo-
lithotrophic, lack assimilatory sulfate-reduction, 
cannot reduce nitrate, and assimilate only few 
organic carbon sources. Obviously, metabolically 
versatile species of the Chromatiaceae have no 
selective advantage in most pelagic habitats.

Humic substances in lakes are of terrestrial ori-
gin and absorb light of the ultraviolet and blue 
portion of the spectrum. As a consequence, light 
of the red wavelength range prevails in lakes 
containing humic substance as the major light-
absorbing constituents. Under these conditions, 
green-colored species of green sulfur bacteria 
have a selective advantage over their brown-
colored counterparts, or over purple sulfur bacte-
ria (Parkin and Brock, 1980b).

In benthic microbial mats, radiation of the vis-
ible wavelength range is strongly attenuated by 
mineral and biogenic particles. In quartz sand, 
light attenuation occurs preferentially in the wave-
length range of blue light due to the reflection by 
sand grains (Kühl et al., 1994), while the absorp-

tion of infrared light by the sediment particles is 
low and absorption by water is negligible due to 
the short optical pathlength. As a consequence, 
the red and infrared portion of the spectrum pen-
etrate the deepest in benthic environments; the 
irradiance reaching phototrophic sulfur bacteria 
may be reduced to <1% of the surface value for 
light in the visible region, while >10% of the near 
infrared light is still available (Kühl and Jørgensen, 
1992). Under these conditions, the long wavelength 
(Q

y
) absorption bands are significant for light-

harvesting in anoxic sediment layers, and vari-
ations in the type of bacteriochlorophyll (Bchla 
or Bchl b) and in the fine structure of the pigment-
protein complexes thus are the means of ecological 
niche separation.

Populations of phototrophic microorganisms 
impose strong absorption signatures on the spec-
trum of the scalar irradiances, creating different 
niches in a vertical sequence by the successive 
absorption of different wavelength bands in the 
red and infrared portion of electromagnetic radia-
tion (Pierson et al., 1987). This may lead to the 
formation of up to five distinctly colored layers 
which (from top to bottom) comprise diatoms 
and cyanobacteria, cyanobacteria alone, Chroma-
tiaceae containing Bchla, Chromatiaceae con-
taining Bchlb, and Chlorobiaceae (Nicholson et 
al., 1987). Only these benthic habitats are known 
to harbor distinct blooms of Bchlb-containing 
Chromatiaceae. The absorption spectra of whole 
cells of phototrophic bacteria seem to have 
evolved in such a way that almost the entire elec-
tromagnetic spectrum suitable for electrochemical 
reactions can be exploited.

Yet, no phototrophic sulfur bacterium was 
known which could absorb light of the wave-
lengths between 900 and 1020 nm until recently. 
Because of the strong competition for infrared 
light in sediment ecosystems, an effective absorp-
tion in this wavelength range by other types of 
photosynthetic antenna complexes would be 
expected to be of selective advantage in micro-
bial mats. The isolation of purple nonsulfur 
α-Proteobacteria with long wavelength absorp-
tion maxima at 911 nm (Glaeser and Overmann, 
1999) and 986 nm (Pfennig et al., 1997) indicates 
that the diversity of the pigment-protein com-
plexes in photosynthetic Proteobacteria is greater 
than previously assumed. More recently, a purple 
photosynthetic sulfur bacterium with an absorption 
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maximum at 970 nm was isolated from a littoral 
microbial mat (Permentier et al., 2001). Since this 
bacterium contain bacteriochlorophyll a as the 
photosynthetic pigment like most other mem-
bers of the Chromatiaceae, the different in vivo 
absorption spectrum must be the result of differ-
ences in the non-covalent binding of Bchla to the 
light-harvesting proteins.

Deep sea hydrothermal vents represent a novel 
potential habitat of phototrophic sulfur bacteria 
identified recently (Beatty et al., 2005). Black 
smokers are thought to emit geothermal radiation 
at wavelengths commensurate with the absorp-
tion spectrum of phototrophic organisms (Van 
Dover et al., 1996). Indeed, a novel phylotype 
of obligately photolithoautotrophic green sulfur 
bacterium could be isolated from water samples 
originating from the TY black smoker located at 
2391 m depths on the East Pacific Rise (Beatty 
et al., 2005). It remains to be elucidated whether 
the isolated bacterium is a typical and long-term 
resident of hydrothermal vents or whether it also 
thrives in habitats known for other phototrophic 
sulfur bacteria.

2. Reduced Sulfur Compounds and Redox 
Potential

A combination of two photosystems as in oxy-
genic phototrophs is required for the thermo-
dynamically unfavorable utilization of water 
as an electron donor for photosynthesis. Due to 
the simpler architecture of their photosystems, 
all anoxygenic phototrophic bacteria depend on 
electron donors which exhibit standard redox 
potentials more negative than water (e.g., H

2
S, 

H
2
, acetate). This molecular feature thus is one 

major reason for the narrow ecological niche of 
anoxygenic phototrophic bacteria in extant eco-
systems. Most phototrophic sulfur bacteria grow 
preferentially by photolithoautotrophic oxidation 
of reduced sulfur compounds. Other inorganic 
electron donors utilized include H

2
, polysulfides, 

elemental sulfur, thiosulfate, sulfite and iron. In 
the green sulfur bacteria, polysulfide utilization 
is inhibited by sulfide. In addition to reduced 
sulfur compounds, molecular hydrogen serves 
as electron donor in the majority of green sulfur 
bacteria, and in the metabolically more versatile 
species of purple sulfur bacteria like Allochro-
matium vinosum and Thiocapsa roseopersicina. 

In green sulfur bacteria which lack assimila-
tory sulfate reduction, a reduced sulfur source 
is required during the growth with molecular 
hydrogen as electron donor. In microbial mats, 
polysulfides and organic sulfur compounds 
may be significant as photosynthetic electron 
donor. Polysulfide oxidation has been reported 
for Chlorobium limicola, Ach. vinosum and Tca. 
roseopersicina while dimethylsulfide is utilized 
and oxidized to dimethylsulfoxide by the purple 
sulfur bacteria Thiocystis sp. and Tca. roseoper-
sicina (van Gemerden and Mas, 1995).

Sulfide frequently becomes the growth-limit-
ing factor at the top of the phototrophic sulfur 
bacterial layers where light intensities are highest, 
but sulfide has to diffuse through the remainder 
of the community. The affinity for sulfide during 
photolithoautotrophic growth varies between the 
different groups of anoxygenic phototrophs and 
has been shown to be of selective value during 
competition experiments. Chlorobiaceae and 
Ectothiorhodospiraceae exhibit five to seven 
times higher affinities for sulfide than Chroma-
tiaceae (van Gemerden and Mas, 1995). On the 
contrary, affinities for polysulfides are similar for 
Chlorobiaceae and Chromatiaceae.

Because light and sulfide occur in opposing 
gradients, growth of phototrophic sulfur bacteria 
is confined to a narrow zone of overlap and only 
possible if the chemical gradient of sulfide is suf-
ficiently stabilized against vertical mixing. In open 
water, like lakes or lagoons, stratification of oxic 
and anoxic water layers is maintained by den-
sity differences. Stratification can be transient if 
caused by temperature differences, or permanent 
(as in so-called meromictic lakes) if caused by 
higher salt concentrations of the bottom water lay-
ers. Benthic environments of phototrophic sulfur 
bacteria are characterized by a lower frequency of 
turbulent mixing and by diffusion as the dominant 
means of mass transport. As a result, and because 
of the higher rates of sulfate reduction, gradients of 
sulfide are much steeper in these environments.

In some habitats of phototrophic sulfur bac-
teria, redox conditions change rapidly within 
hours. This is particularly true for intertidal 
sediments. Certain small-celled species of the 
Chromatiaceae (Allochromatium vinosum, Mari-
chromatium gracile, Thiocapsa roseopersicina, 
Tca. rosea, Thiocystis minor, Tcs. violascens, Tcs. 
violacea, Thiorhodovibrio winogradskyi) which 
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are typical inhabitants of these fluctuating envi-
ronments, as well as most of the Ectothiorho-
dospiraceae have adapted to these conditions 
and can switch to an aerobic chemolithotrophic 
growth mode and oxidize sulfide or thiosulfate 
with molecular oxygen. Under oxic conditions, 
the synthesis of pigments and of pigment-binding 
proteins of the photosynthetic apparatus ceases 
and the cells become colorless. Concomitantly, 
the activities of the respiratory enzymes NADH 
dehydrogenase and cytochrome oxidase and res-
piratory activity are increased. However, growth 
affinities of chemolithoautotrophically growing 
cells of Tca. roseopersicina are lower than for 
the directly competing colorless sulfur bacteria 
which may explain why no natural populations 
of purple sulfur bacteria are known which grow 
permanently by chemotrophy. All Chlorobiaceae 
are obligate anaerobes.

3. Temperature and Salinity

Although green and purple sulfur bacteria typi-
cally form conspicuous blooms in non-thermal 
aquatic ecosystems, moderately thermophilic 
members have been described from hot spring 
mats (Castenholz et al., 1990). Chlorobaculum 
tepidum (formerly Chlorobium tepidum) occurs 
in only a few New Zealand hot springs at pH val-
ues of 4.3 and 6.2 and at temperatures up to 56°C. 
Thermochromatium tepidum (formerly Chroma-
tium tepidum) was found in several hot springs 
of western North America at temperatures up to 
58°C and might represent the most thermophilic 
proteobacterium (Castenholz and Pierson, 1995).

Of the purple sulfur bacteria, most members 
of the Chromatiaceae are typically found in 
freshwater and marine environments, whereas 
the Ectothiorhodospiraceae inhabit hypersa-
line waters. About 10 species of Chromatiaceae 
are halophilic (Imhoff, 2005a). Members of the 
marine subgroup I of the green sulfur bacteria 
forming extraordinarily dense blooms could be 
isolated from a hypersaline (30–70&ppercnt; 
salinity) athalassohaline lake in the semi-arid 
Ebro region (Spain) (Vila et al., 2002).

4. Mixotrophy and Organotrophy

Organic carbon as it is present in microbial bio-
mass is considerably more reduced than CO

2
. 

Given the high energy demand of CO
2
-fixation, 

the capability for assimilation of organic car-
bon compounds would be expected to be of 
selective advantage in natural populations of 
phototrophic sulfur bacteria if limited by light 
or low sulfide concentrations. Acetate rep-
resents one of the most important intermedi-
ates during the degradation of organic matter 
and almost all phototrophic sulfur bacteria are 
capable of assimilating this compound. At lim-
iting concentrations of sulfide, the cell yield of 
green sulfur bacteria is increased three times in 
the presence of acetate, i.e. under mixotrophic 
growth conditions.

Green sulfur bacteria are the least versatile of 
all phototrophic sulfur bacteria with all species 
growing obligately photolithoautotrophic. Only 
acetate, propionate and pyruvate are assimi-
lated as carbon compounds during mixotrophic 
growth and a few strains are capable of using 
fructose or glutamate in addition. A number of 
Chromatiaceae, like Allochromatium vinosum 
and other small-celled members of the family, 
as well as the Ectothiorhodospiraceae are capa-
ble of using organic carbon compounds not only 
as carbon source but also as the only electron 
donating substrate (Imhoff, 2005a, b). These lat-
ter versatile Chromatiaceae utilize a wide range 
of organic carbon compounds and usually are 
capable of assimilatory sulfate reduction. The 
affinity for acetate is 30 times higher than that 
of green sulfur bacteria. Still, the metabolic flex-
ible Chromatiaceae rarely form dense blooms 
under natural conditions, from that organotrophy 
confers only a limited selective advantage to 
the cells.

5. Motility and Taxis

Sedimentation represents a significant loss proc-
ess for natural populations of phototrophic sul-
fur bacteria in pelagic habitats. The minimum 
buoyant density which has been determined for 
phototrophic cells devoid of gas vesicles was 
1010 kg.m−3 (Overmann et al., 1991b). Actively 
growing cells which contain storage carbohy-
drate and elemental sulfur can easily attain much 
higher buoyant densities of up to 1046 kg.m−3 
(Overmann and Pfennig, 1992) whereas freshwa-
ter has a considerably lower density (in the order 
of 996 kg.m−3). In the stably stratified pelagic 
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habitats of phototrophic sulfur bacteria, the dif-
ference in buoyant density of the cells to that of 
the surrounding water would result a sedimenta-
tion of bacteria out of the photic zone towards the 
lake bottom. Many species of phototrophic sulfur 
bacteria use vertical migration, mediated by tac-
tic responses and/or the formation of gas vesicles 
to change their vertical position in the light and 
sulfide gradients of their environment.

In its pelagic habitat, Chromatium okenii 
may display diurnal migrations with a vertical 
amplitude of about 2 m (Sorokin, 1970). Vertical 
migrations of Thiocystis minor extended over a 
vertical distance of 30–35 cm (Pedrós-Alió and 
Sala, 1990). Planktonic anoxygenic phototrophs, 
unlike some planktonic cyanobacteria, do not 
seem to perform vertical migrations mediated by 
changes in gas vesicle content, but rather employ 
these cell organelles to maintain their vertical 
position within the chemocline (Overmann et al., 
1991b; Overmann et al., 1994).

About two thirds of the Chromatiaceae species 
and all known species of the Ectothiorhodop-
iraceae swim by means of flagella, whereas only 
one benthic species of the Chlorobiaceae, Chlo-
roherpeton thalassium, moves by gliding. True 
phototaxis is the ability to move towards or away 
from the direction of light, but is not found in pho-
totrophic sulfur bacteria. Instead, these bacteria 
employ the scotophobic response to accumulate 
in regions of higher light intensity by changing 
the direction of movement in reaction to abrupt 
changes in light intensity (Armitage, 1997). As a 
result, cells accumulate in the light and at wave-
lengths corresponding to the absorption maxima 
of photosynthetic pigments. The formation of 
flagella in Chromatium and Allochromatium spe-
cies is induced by low sulfide concentrations and 
low light intensities.

In laboratory cultures of Chromatium sp. and 
Marichromatium gracile, a combined effect of 
chemotaxis and photoresponses can be observed 
under the microscope: the cells accumulate around 
air bubbles in the absence of light but move 
away if illuminated (Armitage, 1997; Thar and 
Kühl, 2001). Motile Chromatiaceae are found in 
many microbial mats and exhibit diurnal vertical 
migrations in response to the recurrent changes 
in environmental conditions. Vertical migrations 
of Chromatium spp. and of Thermochromatium 
tepidum have been documented for populations in 

ponds, and intertidal or hot spring microbial mats 
(Castenholz and Pierson, 1995). In these environ-
ments, cells migrate upwards to the surface of the 
mat and enter the overlaying water as a result of a 
positive aerotaxis during the night. It is assumed 
that this migration into the microoxic layers ena-
bles the cells to grow chemoautotrophically by 
oxidation of sulfide or intracellular sulfur with 
molecular oxygen. In contrast, microbial mats 
of intertidal sediments are typically colonized by 
the immotile purple sulfur bacterium Thiocapsa 
roseopersicina. Cells form aggregates together 
with sand grains, apparently as an adaptation to 
the hydrodynamic instability of the habitat (van 
den Ende et al., 1996).

Although all known pelagic species of green 
sulfur bacteria are nonflagellated, some of them 
have acquired motility by forming highly specific 
symbioses with a chemoheterotrophic motile 
Betaproteobacterium (Overmann and Schubert, 
2002). These associations, termed phototrophic 
consortia (see section II.A.6), exhibit a scotopho-
bic response and accumulate in a spot of white 
light. The action spectrum of this response cor-
responds to the absorption spectrum of the green 
sulfur bacterial epibionts, indicating that the 
scotophobic behavior is based on a rapid signal 
transfer between green sulfur bacterial epibionts 
and the colorless motile bacterium (Fröstl and 
Overmann, 1998).

One third of the species of Chromatiaceae 
(including Lamprobacter, Lamprocystis, Thio-
capsa, Thiodictyon, Thiopedia and Thiolampro-
vum spp.) (Fig. 1), some green sulfur bacteria 
(Fig. 1B) but only one species of Ectothiorho-
dopiraceae (Ets. vacuolata) habor gas vesicles. 
This pattern reflects the distribution of these 
bacteria in nature, with gas vesicle-bearing 
Chromatiaceae typically colonizing low-light 
stratified environments, and Ectothiorhodos-
piraceae usually inhabiting more shallow saline 
ponds and sediments. Gas vesicles are cylindri-
cal structures with conical ends and species-
specific lengths and widths and are filled with 
a gas mixture which corresponds to that in the 
surrounding medium. Gas vesicle formation in 
Chlorobium clathratiforme is detected exclu-
sively at light intensities <5 µmol Quanta.m−2.s−1 
(Overmann et al., 1991b) which appears to be 
the reason for the rare observation of gas vesi-
cles in pure cultures that are routinely incubated 
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at higher light intensities. Similarly, a transfer 
of the purple sulfur bacterium Lamprocystis 
purpurea to the dark was found to result in an 
increase in the specific gas vesicle content by 
a factor of 9 (Overmann and Pfennig, 1992). 
Ectothiorhodospira vacuolata forms gas vesi-
cles during the stationary phase.

By comparison, the vertical migration based 
on flagellar movement and gas vesicle formation 
have different advantages under natural condi-
tions. Whereas the movement by flagella requires 
a continuous supply of metabolic energy (the pro-
ton motive force), gas vesicle formation requires 
an initially higher, but one-time investment for 
the phototrophic cell. Gas vesicles, once formed, 
help to keep the bacterial cell at the appropriate 
vertical position without any further demand for 
energy. In accordance with this view, species like 
Lamprobacter modestohalophilus or Ectothiorho-
dospira vacuolata which are capable of both, 
gas vesicle synthesis as well as flagellar move-
ment, use flagella during exponential growth but 
become immotile and form gas vesicles upon 
entry in the stationary phase. Gas vesicle for-
mation therefore may represent an adaptation 
to conditions of starvation in these species. It 
has been estimated that flagellar movement is 
sustained at underwater irradiances of 0.2 µmol 
Quanta.m−2.s−1 (Overmann and Garcia-Pichel, 
2000). Indeed, a dominance of gas-vacuolated 
forms over motile Chromatiaceae is usually 
observed in lakes where irradiances are below 
1 µmol Quanta. m−2 × s−1 (Fig. 1).

However, a lower limit appears to exist, below 
which gas vesicle formation does not represent a 
selective advantage for phototrophic sulfur bac-
teria due to its metabolic burden. The extremely 
low-light adapated Chlorobium BS-1 from the 
Black Sea chemocline exhibits an extremely low 
maintenance energy requirement but is not capa-
ble of gas vesicle synthesis. Apparently, synthesis 
of the proteinaceous gas vesicle sheaths becomes 
too energy-demanding under the severe light lim-
itation in the Black Sea chemocline.

6. Syntrophy and Symbioses

In the laboratory, stable associations between 
green sulfur bacteria and sulfur- or sulfate-reducing 
bacteria can be established readily (Warthmann 
et al., 1992). These associations are based upon 

a cycling of sulfur compounds but not carbon. 
Simultaneous growth of the two partner bacteria 
is fueled by the oxidation of organic carbon sub-
strates and light. In a similar manner, cocultures 
of Chromatiaceae with sulfate-reducing bacteria 
have been established in the laboratory. Interest-
ingly, cellular aggregates consisting of the sul-
fate-reducing Proteobacterium Desulfocapsa 
thiozymogenes and small-celled Chromatiaceae 
were observed in the chemocline of a meromictic 
alpine lake (Tonolla et al., 2000).

A commensalistic relationship may exist 
between coccoid epibiotic bacteria and the pur-
ple sulfur bacterium Chromatium weissei (Clark 
et al., 1993). The unidentified epibionts attach 
to healthy Chromatium cells but do lyse the host 
cells like the morphologically similar parasite 
Vampirococcus (Guerrero et al., 1987a). Possibly, 
the epibiont grows chemotrophically on carbon 
compounds excreted by the purple sulfur bacte-
rium.

The most spectacular type of association 
involving phototrophic bacteria is represented by 
the so-called phototrophic consortia. Phototrophic 
consortia (Fig. 2) consist of epibionts arranged in 
a regular fashion around a central chemotrophic 
bacterium and are regarded as the most highly 
developed interactions between different species 
of prokaryotes (Overmann and Schubert, 2002). 
Eight different types of motile phototrophic con-
sortia can be distinguished based on the overall 
morphology of the association and the color of 
the epibionts (Glaeser and Overmann, 2004). 
In addition, two immotile forms (“Chloroplana 
vacuolata” and “Cylindrogloea bacterifera”) are 
recognized (Fig. 2). Fluorescence in situ hybridi-
zation identified the epibionts as green sulfur 
bacteria (Tuschak et al., 1999) and the central 
rod-shaped colorless and motile bacterium as a 
member of the Betaproteobacteria (Fröstl and 
Overmann, 2000). Based on their distinct mor-
phology, intact phototrophic consortia can be 
specifically collected from natural communities 
by micromanipulation and the 16S rRNA gene 
sequences of the green sulfur bacterial epibionts 
can be determined. Employing this technique, 
an unexpected diversity of 19 different types of 
epibionts have recently been identified in a cul-
ture-independent manner. All epibionts represent 
distinct and novel phylotypes that are often only 
distantly related to known species of green sulfur 
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bacteria (Glaeser and Overmann, 2004). None 
of the epibiont 16S rRNA sequences have so far 
been detected in free-living green sulfur bacteria, 
suggesting that the interaction in phototrophic 
consortia is an obligate one. Based on the com-
parative phylogenetic analysis, the epibiont 
sequences are not monophyletic. Thus, the abil-
ity to form symbiotic associations either arose 
independently from different ancestors or was 
present in a common ancestor prior to the radia-
tion of green sulfur bacteria and the transition 
to the free-living state in independent lineages. 
With regard to the phylogenetic affiliation of the 
central bacterium, a recent molecular analysis of 
the phototrophic consortium “Chlorochromatium 
aggregatum” revealed that this bacterium repre-
sents an isolated phylogenetic lineage distantly 
related to Rhodoferax spp., Polaromonas vacu-

olata and Variovorax paradoxus (Kanzler et al., 
2005).

Maximum rates of light-dependent H14CO
3

− 
fixation were observed in a natural population 
of phototrophic consortia, suggesting that the 
green sulfur bacterial epibionts grow autotrophi-
cally like their free-living relatives. This con-
clusion was substantiated by the stable carbon 
isotope ratios (δ13C) of farnesol, tetradecanol, 
hexadecanol and hexadecenol which are esteri-
fying alcohols of BChle and biomarkers of the 
epibionts (Glaeser and Overmann, 2003a). Intact 
phototrophic consortia exhibit a scotophobic 
response in which the bacteriochlorophylls of the 
epibionts function as light sensors, whereas the 
central bacterium confers motility. Hence, a rapid 
signal transfer exists between the two partners and 
permits phototrophic consortia to accumulate at 

Fig. 2. Light microscopic and schematic views of five different types of phototrophic consortia. A. Differential interference 
contrast image and schematic view of “Chlorochromatium aggregatum”, phase contrast photomicrograph of the disaggregated 
state and schematic view of “Pelochromatium roseum” (from left to right). B. Phase contrast photomicrograph in the intact state, 
schematic view, and the disaggregated state of “Pelochromatium latum”. C. Phase contrast photomicrograph and schematic 
view of “Chlorochromatium glebulum”. D. Phase contrast photomicrograph and schematic view of “Chloroplana vacuolata”. 
Bars, 5 µm. Taken from Overmann (2006).
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preferred light intensities and wavelengths (Fröstl 
and Overmann, 1998). Phototrophic consortia are 
attracted by sulfide and 2-oxoglutarate, which 
indicates a potential role of these compounds in 
the metabolism of the consortia. Microautora-
diography of consortia in natural water samples 
revealed that 2-oxoglutarate is incorporated only 
in the presence of both light and sulfide (Glae-
ser and Overmann, 2003b). Because the green 
sulfur bacterial epibionts grow autotrophically, 
2-oxoglutarate most likely is taken up and utilized 
by the central bacterium while sulfide is the elec-
tron-donating substrate of the epibionts. These 
results indicate that incorporation of 2-oxoglutar-
ate by the central bacterium is regulated by the 
metabolic state of the epibiont cells.

In phototrophic consortia, the immotile green 
sulfur bacteria not only functionally attain motil-
ity like their purple sulfur bacterial competitors, 
but are obviously capable of controlling the chem-
otactic and physiological response of the chemo-
trophic partner bacterium. The high numbers 
of phototrophic consortia found in many lakes, 
the fact that in some environments all cells of 
green sulfur bacteria occur in the associated state 
(Glaeser and Overmann, 2003a), and the repeated 
advent of epibionts during the green sulfur bacte-
rial radiation indicate that this strategy must be 
of high competitive value under certain environ-
mental conditions. Since phototrophic consortia 
have recently become available in enrichment 
cultures, they can now serve as suitable model 
systems for the investigation of the molecular 
mechanisms of cell–cell recognition and signal 
exchange, and for studies of the coevolution of 
nonrelated prokaryotes.

B. Physiology in Situ as Opposed 
to Growth in the Test Tube: Growth Rates, 
Low Maintenance Energy Requirements 
and Survival

Doubling times of phototrophic sulfur bacteria 
under natural conditions are significantly lower 
than in laboratory cultures. As an example, values 
for Chromatiaceae in lakes have been estimated 
to range from 1.5 to 238 days (Garcia-Cantizano 
et al., 2005). These data suggest that adaptation to 
low growth rates and survival may have played a 
significant role in the evolution of phototrophic 
sulfur bacteria.

In a careful study, the maintenance energy 
requirement of the purple nonsulfur Alphaproteo-
bacteria Rhodobacter capsulatus and Rba. acido-
philus was determined to amount to 0.012 mol 
quanta (g dry weightċh)−1 (Göbel, 1978). Based 
on indirect estimates, the maintenance energy 
requirements of green sulfur bacteria are signifi-
cantly lower than that of purple sulfur bacteria 
(van Gemerden and Mas, 1995). This may be 
explained by the fact that biosynthesis of proteins 
requires a major fraction of the energy expendi-
ture of the bacterial cell and that the protein con-
tent of green sulfur bacterial antenna is much 
lower than that in purple sulfur bacteria: the 
paracrystalline rod-like structure of bacteriochlo-
rophyll aggregates in the chlorosomes of green 
sulfur bacteria features a significantly lower pro-
tein:pigment mass ratio (0.5–2.2; Overmann and 
Garcia-Pichel, 2000) than the light-harvesting 
complexes of other anoxygenic phototrophs 
(3.9–6.7) or cyanobacteria (22.4).

Based on the value for the maintenance 
energy requirement of Rba. capsulatus and 
Rba. acidophilus given above it has been calcu-
lated that the minimum irradiance which would 
be required for survival of photosynthetic bac-
teria is 2 µmol Quanta.m−2.s−1 (Overmann and 
Garcia-Pichel, 2000). By comparison, irra-
diances of this order or lower prevail in the 
natural habitats of phototrophic sulfur bacteria 
(Overmann and Manske, 2006). Yet, growth 
of natural populations can be observed under 
these conditions, indicating that phototrophic 
sulfur bacteria under natural conditions must 
exhibit significantly lower maintenance energy 
requirements than those of the laboratory cul-
tures studied to date.

In particular, this holds true for the green sul-
fur bacterium from the Black Sea chemocline 
which forms the slowest growing population of 
anoxygenic phototrophic bacteria known to date 
(Overmann and Manske, 2006). As extrapolated 
from the laboratory growth rates or carbon fixa-
tion rates, green sulfur bacteria in the Black Sea 
attain doubling times of 3 years in summer and 26 
years in winter (Overmann et al., 1992; Manske 
et al., 2005; Overmann and Manske, 2006). The 
green sulfur bacterium from the Black Sea chem-
ocline thus represents an excellent model system 
for the study of low-light adaptation and, from 
a more fundamental perspective, a model system 
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for studies of mechanisms of adaptation towards 
extreme energy-limited environments.

Commensurate with the extremely long 
doubling times, the maintenance energy 
requirement of the Black Sea Chlorobium is 
significantly lowered compared to other green 
sulfur bacteria (Overmann et al., 1992). At 
the same time, the Black Sea strain exhib-
its significantly decreased specific rates of 
photosynthetic CO

2
-fixation, sulfide oxida-

tion and growth at saturating light intensities 
(section II.A.1). These observations sug-
gest that the extraordinarily low maintenance 
energy requirement of this bacterium at least in 
part is accomplished by lowering the intracel-
lular concentrations of metabolic enzymes.

The threshold light intensity supporting the 
photosynthetic growth of green sulfur bacteria 
is decreased in the presence of suitable organic 
carbon substrates like acetate (Bergstein et al., 
1981). Although the environmental concentra-
tions and the turnover rates of potential carbon 
substrates of phototrophic sulfur bacteria have 
rarely been determined (Bergstein et al., 1979), 
these compounds may support the survival of the 
cells.

C. Diversity of Phototrophic Sulfur Bacteria

In almost all freshwater and marine photic anoxic 
environments, green and/or purple sulfur bacteria 
(Chlorobiaceae and Chromatiaceae) represent the 
dominant anoxygenic phototrophs. Ectothiorho-
dospiraceae dominate in saline habitats. Only 
very few, and atypical, ecosystems have been 
described in which phototrophic Alphaproteobac-
teria (purple nonsulfur bacteria) outnumber the 
phototrophic sulfur bacteria. These latter habitats 
are aquatic systems heavily polluted with organic 
wastewaters in which low-molecular organic 
compounds occur at millimolar concentrations 
(Okubo et al., 2006).

Based on the current status of taxonomy (Over-
mann, 2001; Imhoff, 2003; Imhoff, 2005a, b), 41 
different species of Chromatiaceae, 12 species of 
Ectothiorhodospiraceae and 17 species of Chlo-
robiaceae are currently recognized. In contrast, 
the ribosomal database project (rdp) database 
lists 429, 460 and 339 16S rRNA gene sequences 
for the above three families of phototrophic sul-
fur bacteria (Cole et al., 2006).

Culture independent analyses of natural com-
munities based on 16S rRNA gene sequences rou-
tinely recover novel sequence types of green or 
purple sulfur bacteria from natural bacterial com-
munities (Coolen and Overmann 1998; Overmann 
et al., 1999a; Elshahed et al., 2003; Glaeser and 
Overmann, 2003a; Koizumi et al., 2004; Martínez-
Alonso et al., 2005; Tonolla et al., 2005). In addi-
tion, the dominant phylotypes determined by the 
culture-independent approach often do not match 
the phylotypes cultured from the same environ-
ment. It has to be concluded that the current 
number of species described do not reflect the 
full phylogenetic breadth of phototrophic sulfur 
bacteria and that the dominant species may dif-
fer considerably from known types with respect 
to physiology and ecology. The latter assump-
tion has been substantiated by the discovery 
of several novel isolates of green (Vogl et al., 
2006) and purple sulfur bacteria (Permentier 
et al., 2001) which exhibit conspicuously dif-
ferent physiological properties in comparison to 
the previously described species.

At low biomass densities, 16S rRNA gene 
sequences of phototrophic sulfur bacteria often can-
not be detected PCR amplification methods using 
universal primer pairs (Coolen and Overmann, 
1998; Vetriani et al., 2003), despite the presence 
of their specific pigment biomarkers. Therefore, 
specific molecular detection methods have been 
developed, which employ group-specific primers 
targeting 16S rRNA gene sequences of green or 
purple sulfur bacteria (Coolen and Overmann, 1998; 
Overmann et al., 1999a). In the case of green sulfur 
bacteria, the highly specific PCR method permits the 
detection of as little as 100 cells (Glaeser and 
Overmann, 2004).

III. Biogeochemical Significance 
of Phototrophic Sulfur Bacteria

In lakes haboring phototrophic sulfur bacteria, 
an average of 28.7% of the primary production 
is anoxygenic and a maximum fraction of 83% 
has been determined (Overmann, 1997). Anoxy-
genic photosynthesis depends on reduced inor-
ganic sulfur compounds which originate from 
the anaerobic degradation of organic carbon und 
the concomitant sulfide production by sulfate- 
and sulfur-reducing bacteria. During anaerobic 
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degradation, a large fraction of reducing equiva-
lents become trapped in sulfide due to the low 
growth yield of fermenting and sulfate-reduc-
ing bacteria. Since these reducing equivalents 
originate from carbon already fixed by oxygenic 
photosynthesis, the CO

2
-fixation of anoxygenic 

phototrophic bacteria does not lead to a net 
increase in organic carbon of the entire oxic/
anoxic stratified ecosystem. In a sense, then, 
capture of light energy by anoxygenic photosyn-
thesis merely compensates for the degradation 
of organic carbon in the anaerobic food chain. 
The CO

2
-assimilation by anoxgenic phototrophs 

has therefore been termed “secondary primary 
production” (Pfennig, 1978). Geothermal sulfur 
springs are the only exception since their sulfide 
is of abiotic origin (Elshahed et al., 2003). Yet, 
sulfur springs are rather scarce, and anoxygenic 
photosynthetic carbon fixation of these ecosys-
tems thus appears to be of minor significance on 
a global scale.

When reoxidizing the sulfide, anoxygenic pho-
totrophs do not need to divert part of the electron 
donor towards ATP generation and almost com-
pletely transfer them to CO

2
. In contrast to the 

chemolithoautotrophic sulfide-oxidizing bacteria, 
green and purple sulfur bacteria therefore effi-
ciently recycle the reducing equivalents present in 
sulfide where light reaches the sulfide-containing 
water or sediment layers at sufficient intensities 
(Overmann, 1997). As a result, phototrophic sul-
fur bacteria often form dense microbial biomass 
accumulations even at moderate supply of sulfide 
and can attain biomass concentrations up to 28 mg 
bacteriochlorophyll a.l−1 in the case of Chroma-
tiaceae in a saline meromictic lake (Overmann 
et al., 1994) and 16.7 mg bacteriochlorophyll 
d.l−1 in the case of green sulfur bacteria thriving 
in a athalassohaline hypersaline lake (Vila et al., 
2002). The dense accumulations of phototrophic 
sulfur bacteria in turn may feed organic carbon 
(which would otherwise be lost) into the carbon 
cycle of the overlaying oxic water or sediment 
layers (Overmann et al., 1996, 1999b). However, 
several instances have been reported in which 
predation of phototrophic sulfur bacteria is of 
minor importance due to the toxicity of hydro-
gen sulfide for grazing organisms (van Gemer-
den and Mas, 1995). More recent data indicate 
a significant transfer of phototrophic bacterial 
biomass into the aerobic grazing food chain via 

rotifers and calanoid copepods (Overmann et al., 
1999b, c).

Thus, anoxygenic primary production does 
only represent a net input of organic carbon to an 
ecosystem if (1) the anaerobic food chain within 
the system is fueled by additional allochthonous 
carbon from outside or by geothermal sulfide, 
and (2) aerobic grazers have access to the bio-
mass of phototrophic sulfur bacteria. Based on 
experimental evidence, these conditions are met 
at least in some stratified aquatic environments 
(Overmann, 1997) where phototrophic sulfur 
bacteria can substantially alter the carbon and 
sulfur cycles.

As the closest analogue to past sulfidic oceans, 
the Black Sea has repeatedly been chosen as a 
model system for the study of the carbon and sulfur 
cycles in a large stratified marine water body and 
of the microorganisms relevant in these environ-
ments. The biomass of green sulfur bacteria in the 
chemocline of the Black Sea amounts to ≤0.8 mg 
BChle m−2 (Manske et al., 2005) and hence is 
orders of magnitude lower than in any other envi-
ronment studied so far (25–2000 mg BChle m−2; 
van Gemerden and Mas, 1995). The green sul-
fur bacteria in the chemocline of the Black Sea 
therefore represent the most dilute population of 
anoxygenic phototrophs known to date which 
can be attributed to the highly (i.e. four orders 
of magnitude more) sensitive method employed 
for the detection of their bacteriochlorophylls. 
Attempts to quantify photosynthetic activity in 
natural samples from the Black Sea chemocline 
have failed (Jørgensen et al., 1991) and stimu-
lation of sulfide oxidation by light could not be 
detected in natural water samples (Repeta et al., 
1989). Based on an extrapolation of light-limited 
rates of H14CO

3

− fixation, integrated anoxygenic 
photosynthesis contributes well below 1% to total 
photosynthetic carbon fixation in the Black Sea 
(Manske et al., 2005). Similarly, anoxygenic pho-
totrophic sulfide oxidation accounts for ≤0.1% of 
total sulfide oxidation in the Black Sea chemo-
cline. These estimates support the results of the 
modeling of sulfide fluxes which revealed that 
direct and indirect oxidation by molecular oxygen 
accounts for most, if not all of the sulfide removal 
in and beneath the chemocline of the Black Sea 
(Konovalov et al., 2001, 2003). Due to their low 
population density in the chemocline of the Black 
Sea, the green sulfur bacteria most likely are not 
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significant in the carbon and sulfur cycles of this 
environment.

IV. Phototrophic Sulfur Bacteria 
in the Past: Interpretation of Molecular 
Fossils

Today, habitats of phototrophic sulfur bacteria 
are restricted to a limited number of lacustrine 
environments, coastal lagoons and intertidal 
sandflats. Of these, the Black Sea currently rep-
resents the largest anoxic water body on Earth 
and covers 0.083% of the area of the planet. Its 
stratified water column comprises a ∼60-m thick 
oxic top layer, a ∼40-m-thick suboxic interme-
diate zone devoid of sulfide and oxygen, and a 
∼2000-m-deep sulfidic bottom zone (Murray 
et al., 1989). As a consequence, between 87 and 
92% of the Black Sea water body remain perma-
nently anoxic (Codispoti et al., 1991; Konovalov 
et al., 2001; Sorokin, 2002).

Due to the usually small size, the limited 
number, and the pronounced light limitation (see 
section II.A.1) of their contemporary habitats, 
the contribution of phototrophic sulfur bacteria 
to global photosynthetic CO

2
-fixation is very 

small and has been estimated to amount to less 
than 1% (Overmann and Garcia-Pichel, 2000). In 
contrast, the entire Proterozoic ocean may have 
consisted of sulfidic deep water covered by a 
possibly 100 m-thick oxygenated surface layer 
(Anbar and Knoll, 2002), and its sulfidic pela-
gial may have persisted over 1000 million years. 
Furthermore, extended water column anoxia may 
also have occurred during the Phanerozoic, start-
ing with the Ordovician, and including the Upper 
Devonian, Permian, Mid-Triassic, early Jurassic 
and Miocene (Messinian). The most distinct, and 
probably global, Mesozoic anoxic oceanic events 
occurred during the Toarcian (∼187 Myr ago), 
Early Aptian (∼132 Myr ago) and latest Ceno-
manian (∼94 Myr ago). These events have been 
explained by an increase in atmospheric CO

2
 

due to an increased volcanism, with the associ-
ated greenhouse effect leading to increased con-
tinental weathering, and the resulting increased 
nutrient supply stimulating the productivity in 
Mesozoic Oceans together with an increased sup-
ply of biolimiting metals by submarine hydrother-
mal activity (Erba, 2004). Since an upper mixed 

layer of less than 20 m is relatively common in the 
present warm coastal and even open ocean (Kara 
et al., 2003), the existence of such large scale 
photic zone anoxia would appear to be a reason-
able assumption.

All known green sulfur bacteria and about half 
of the species of purple sulfur bacteria are obli-
gate anaerobic photolithoautotrophs (Overmann 
and Garcia-Pichel, 2000; Overmann, 2001). 
These bacteria only grow in an environment pro-
viding both, light and reduced sulfur compounds, 
and therefore represent suitable indicator organ-
isms also for past photic zone anoxia of aquatic 
ecosystems. Three specific carotenoids (isoreni-
eratene, β-isorenieratene, chlorobactene) occur 
in the different green sulfur bacteria (Overmann, 
2001) and represent highly specific biomark-
ers which occur almost exclusively in this group 
(however, β-isorenieratane can also be formed by 
aromatization from β-carotene, which is widely 
distributed among different photosynthetic organ-
isms; Koopmans et al., 1996a). Okenone so far has 
only been found in nine species of Chromatiaceae 
(Imhoff, 2005a). These biomarkers of phototrophic 
sulfur bacteria may survive over extended geologi-
cal time periods and even some of their degradation 
products can be identified with sufficient reliabil-
ity. Due to their specificity and chemical stability, 
pigment biomarkers thus offer the opportunity to 
reconstruct past ecosystems and numerous studies 
have taken the presence of isorenieratene and its 
geochemical derivatives like sulfurized isoreniera-
tane (Repeta, 1993; Sinninghe-Damsté et al., 1993; 
Wakeham et al., 1995; Passier et al., 1999; Menzel 
et al., 2002), or degradation products of bacterio-
chlorophylls (Grice et al., 1996) as evidence for 
extended water column anoxia of ancient oceans, 
so called Oceanic Anoxic Events (Fig. 3).
Numerous marine deep-sea sediments and sedi-
mentary rocks (some of them presently even 
located on land; Kohnen et al., 1991) were 
shown to contain such green sulfur bacterial 
biomarkers (Fig. 3). Since it may represent a 
modern analogue of past water column anoxia, 
the development of anoxic conditions in the 
Black Sea has been studied extensively. Bot-
tom water anoxia was initiated 7000 to 8000 
years ago by the intrusion of saltwater from the 
Mediterranean via the Bosporus strait (Ross 
and Degens, 1974). Within the subsequent 
3000 years, the O

2
–H

2
S interface rose from 
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Fig. 3. Contemporary geographical location of fossil sediments and sedimentary rocks containing biomarkers of phototrophic 
sulfur bacterial as evidence for Oceanic Anoxic Events. Locations are distinguished according to their geological age.

★ Extant population of green sulfur bacteria in the chemocline (Manske et al., 2005) and isorenieratene in the Black Sea sedi-
ments (Sinninghe-Damsté et al., 1995).

▲ Cenozoic environments:, Pliocene/Pleistocene (isorenieratene; Rohling et al., 2006) and Pleistocene/Holocene (isorenier-
atene and 16S rRNA gene sequences; Coolen and Overmann, 2007) deposits in Eastern Mediterranean sapropels; C

11
–C

19
 

trimethyl substituted aryl isoprenoids in late Eocene/Early Oligocene shales of the Austrian Molasse Basin (Schulz et al., 2002), 
Northern Italian Marl sediments of the Messinian (Miocene) (Kohnen et al., 1991; Sinninghe-Damsté et al., 1995).

● Mesozoic environments: black shales from the eastern equatorial Atlantic of the Coniacian-Santonian (Deep Ivorian basin, 
Lake Cretaceous; Wagner et al., 2005), from the southern part of the proto-North Atlantic Ocean of the late Cenomanian (Cre-
taceous) (Kuypers et al., 2002; Kuypers et al., 2004); late Cenomanian marls of the Western Interior Basin (USA) from Kansas 
to New Mexico (Simons and Kenig, 2001), late Cenomanian Italian, NE Tunesian and Indian Ocean black shales, early Aptian 
black shales from the Italian Marche-Umbria basin, Toarcian (Jurassic) black shales of the same region, of the Belluno through 
and the Paris basin, as well as Middle Lias German Basin Posidonia Shale (Pancost et al., 2004); early Jurassic organic rich 
bituminous facies from Yorkshire (UK; Bowden et al., 2006).

○ Paleozoic environments: isorenieratene derivatives in Upper Devonian Williston and Western Canada Sedimentary Basins 
of western Canada (Requejo et al., 1992; Hartgers et al., 1994; Koopmans et al., 1996b), in Middle and Upper Devonian black 
shales of the Illinois and Michigan basins (Brown and Kenig, 2004), of the Belarussian Pripyat River Basin (Clifford et al., 
1998), of the Holy Cross Mountains in Poland (Joachimski et al., 2001) and of the Western Australia Canning Basin (Barber 
et al., 2003) and Late Ordovician Boas Oil Shale of Southampton Island (Koopmans et al., 1996b). Aryl and diaryl isoprenoids 
in middle Ordovician grey-green shales of the central US (Pancost et al., 1998). Isorenieratane was also detected in mid-Cambrian 
limestone of the Georgina Basin (Brocks et al., 2005).

♦ Proterozoic environments: 1.64-Gyr-old mid-Proterozoic records of Chromatiaceae (okenane) and Chlorobiaceae (chloro-
bactane and isorenieratane) (Brocks et al., 2005).

the bottom at 2200 m depth toward the surface 
(Degens and Stoffers, 1976). The presence of 
isorenieratene and its degradation products in 
subfossil Black Sea sediments suggests that 

photic zone anoxia occurred already more than 
6000 years ago (Repeta, 1993; Sinnighe-Damsté 
et al., 1993). Recently, fossil 16S rRNA gene 
sequences of the low-light adapted green sulfur 
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bacterial strain BS-1 have been detected in old 
deep sea sediments of the Black Sea, indicating 
that extremely low-light conditions in the chemo-
cline must have existed also during past photic 
zone anoxia (E. Marschall and J. Overmann, 
in prep.).

In the Eastern Mediterranean, isorenieratene 
(Menzel et al., 2002) and its diagenetic deriva-
tives (Passier et al., 1999) were detected in 
1.8–3.0-million year-old Pliocene as well as 
120,000-year-old interglacial (Rohling et al., 
2006) sapropels, suggesting that anoxic water 
layers reached the photic zone during sapropel 
formation and that the enhanced preservation 
of organic carbon was caused by anoxia of deep 
Mediterranean bottom water (Rossignol-Strick, 
1985; Rohling and Hilgen, 1991; Passier et al., 
1999). Older Cenozoic samples are the 34-Myr-
old late Eocene/Early Oligocene shales of the 
Austrian Molasse Basin that contain C

11
–C

19
 tri-

methyl substituted aryl isoprenoids (Schulz et al., 
2002).

Isorenieratane, the derivative formed very 
rapidly via nonbiological reduction with sulfide 
(Hebting et al., 2006), as well as the typical dia-
genetic and catagenetic C

32
/C

33
 diaryl isoprenoids 

and 2,3,6-/3,4,5-trimethyl-substituted aryl iso-
prenoids (Koopmans et al., 1996b; Clifford et 
al., 1998), or derivatives of bacteriochlorophylls 
c, d or e like methyl isobutyl maleimide (Grice 
et al., 1996; Pancost et al., 2004), have meanwhile 
been extracted from rocks deposited throughout 
Earth’s history (Fig. 3). In black shales from the 
94-Myr-old late Cenomanian, molecular fossils 
of chlorobactene have been detected. Since this 
particular carotenoid is present only in the green 
strains of Chlorobiaceae which are adapted to 
higher light intensities than their brown-colored 
counterparts which contain isorenieratene, it has 
been concluded that anoxic water layers extended 
as high as 15 m below sea surface at these times 
(Kuypers et al., 2002). Recently, okenane, chlo-
robactane and isorenieratane, the reduced but 
intact derivatives of okenone, chlorobactene and 
isorenieratene have been detected even in 1.64-
Gyr-old northern Australian shales (Brocks et al., 
2005).

However, isorenieratene has also been detected 
Streptomyces griseus and Brevibacterium linens 
(Krügel et al., 1999; Krubasik and Sandmann, 
2000), which are actinobacteria and hence belong 

to a different bacterial phylum. Vice versa, certain 
strains of brown-colored green sulfur bacteria do 
not contain any detectable amounts of isoreni-
eratene and β- isorenieratene which were origi-
nally thought to be typical for this group (Glaeser 
et al., 2002). Based on these uncertainties in the 
interpretation of fossil green sulfur bacterial pig-
ments, additional highly specific biomarkers are 
required for a more detailed reconstruction of the 
paleoenvironment.

Green sulfur bacteria (Chlorobi) form a dis-
tinct and coherent phylogenetic lineage (Over-
mann and Tuschak, 1997; Imhoff, 2003; Chapter 
14). Accordingly, 16S rRNA gene sequences 
are employed to trace the occurrence and spe-
cies composition of green sulfur bacteria in the 
environment (Overmann et al., 1999a; Tuschak 
et al., 1999). Compared to the limited diversity 
of carotenoids, 16S rRNA gene sequences pro-
vide the opportunity to differentiate between 
the 80 different phylotypes of green sulfur bac-
teria which are recognized to date (A. Manske 
and J. Overmann, submitted). Analyses of 16S 
rRNA gene sequences permit a more differenti-
ated view of past environmental conditions and 
may be used to identify typical marine members 
of the green sulfur bacteria, since the latter form 
a single, phylogenetically well-separated clade 
within the Chlorobi (Imhoff, 2003; Manske et al., 
2005). Subfossil DNA may survive over 10,000–
100,000 years under favorable conditions, par-
ticularly at low temperatures, high ionic strength, 
anoxic conditions and protection from enzymatic 
degradation by adsorptive binding to hydroxya-
patite, sand or humic acids (Romanowski et al., 
1991; Lindahl, 1993; Poinar et al., 1996; Crec-
chio and Stotzky, 1998; Willerslev et al., 2004). 
Indeed, intact DNA of anoxygenic phototrophic 
bacteria was extracted from up to 9,100-year-old 
holocene lake sediments and could be amplified 
by polymerase chain reaction and sequencing 
(Coolen and Overmann, 1998).

Recently, the 16S rRNA gene sequence of the 
chemocline strain Chlorobium BS-1 has also 
been detected in deep sea sediment layers of the 
Black Sea (A. Manske and J. Overmann, submit-
ted). The occurrence of subfossil 16S rRNA gene 
sequences of the extremely low-light adapted 
green sulfur bacterium may now be used as a more 
specific biomarker to infer photic zone anoxia 
and to determine the vertical extent of the oxic 
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zone more precisely. In a parallel approach, sub-
fossil 16S rRNA gene sequences were recovered 
from Eastern Mediterranean sapropels deposited 
between 8,000 and 217,000 years ago (Coolen 
and Overmann, 2007). Unexpectedly, however, 
all recovered sequences grouped with freshwa-
ter or brackish, rather than truly marine, types 
of green sulfur bacteria. In addition, green sul-
fur bacterial sequences could also be recovered 
from carbon-lean intermediate sediment layers 
deposited during times of an entirely oxic water 
column. It is therefore feasible that the molecular 
remains of green sulfur bacteria originated from 
populations which thrived in adjacent freshwa-
ter or estuarine coastal environments rather than 
from an indigenous pelagic population. Based on 
these novel findings, molecular biomarkers of 
anoxygenic phototrophic sulfur bacteria may not 
always represent autochthonous chemofossils.
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Summary

Algae, like most photolithotrophs, acquire sulfur as sulfate. In the oceans sulfate concentration is never 
limiting and is consistently very high (29 mM). Freshwaters, however, are characterized by daily and 
seasonal variations and by concentrations that cover a very broad range and can, in some cases, be very 
low. The decrease in anthropogenic sulfur emission may reduce further these concentrations and in the 
future sulfur may becomes limiting in some lakes. The strategies that algae adopt in acquiring and assim-
ilating sulfur in different environments often reflect these differences. The availability of sulfate also has 
repercussion on the overall metabolism of algal cells, because of its many pivotal roles in cell physiol-
ogy. The maintenance of homeostasis and the responses to sulfate deprivation have a strong impact on 
photosynthesis, and carbon and nitrogen acquisition and metabolism. In a number of algae, most sulfur 
is allocated into dimethylsulfonioproprionate, whose cleavage into acrylate and dimethylsulfide is of 
great relevance for the ecology of extant phytoplankton and may have been important in the radiation of 
some algal groups. Dimethylsulfide, furthermore, is the main source of biogenic atmospheric sulfur and 
it is believed to have a major role in the control of global climate. These and other related matters are 
discussed in this review.

Rüdiger Hell et al. (eds.), Sulfur Metabolism in Phototrophic Organisms, 397–415.  397
© 2008 Springer.
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I. Introduction

The yearly sulfur assimilation by phytoplank-
ton is in the order of 1.3 Pg and requires 11.3 
× 1015 to 15.9 × 1015 kJ yr−1, depending on the 
assimilation pathway (Norici et al., 2005) and 
not taking into consideration the energy used 
to make sulfate esters in the cell (Bates et al., 
1994). The net primary production of aquatic 
photolithotrophs is about 47.5 Pg of C per year 
(Field et al., 1998) and the amount of energy 
necessary to support this C fixation is approxi-
mately 854 × 1015 kJ yr−1, if all C is fixed via 
the Calvin cycle. From this derives that sulfur 
assimilation by phytoplankton, on a global 
scale, uses 1.3 to 1.9% of the energy used for 
CO

2
 assimilation. In spite of this non-trivial 

amount of energy that sulfur assimilation by 
phytoplankton requires, and the fact that some 
of the earliest and most detailed evidence on 
the biochemistry (references in Schmidt and 
Jäger, 1992 and Schiff et al., 1993) and regula-
tion (Davies and Grossman, 1998; Lilly et al., 
2002; Zhang et al., 2004) of sulfur metabolism 
were obtained from algae, the literature on 
sulfur in algae is rather scant (Giordano et al., 
2005b; Norici et al., 2005). The data available 
for algae, moreover, mostly concern organ-
isms of little ecological significance and very 
limited value as a model for all algal systems. 
The release of biogenic reduced sulfur into the 
atmosphere as dimethylsulfide (DMS) is the 
only portion of the sulfur cycle for which the 
role of phytoplankton has been investigated in 
detail. The interest in this topic is probably due 
to the proposed influence that DMS may exert 
on global climate (Lovelock et al., 1972, 1974; 
Charlson et al., 1987). This review provides an 
overview of the ecological and physiological 
aspects of the interaction between sulfur and 
phytoplankton.

II. Sulfur Availability in Aquatic 
Ecosytems

In algae, as in most photosynthetic organisms, sul-
fur is usually taken up and assimilated as sulfate. 
The availability of sulfate may vary substantially 
in different aquatic environments, determining 
remarkable differences in the strategies algae use 
in its acquisition and utilization.

Freshwater Lakes – In lakes, sulfur primary 
provenience are the weathering of rocks in the 
catchment and the oxidation of organic sulfur 
from terrestrial sources. As a consequence of the 
industrial revolution, anthropogenic atmospheric 
SO

2
 emission rose, causing a large increase in 

lacustrine sulfate concentrations centred on indus-
trialized areas (Brimblecombe et al., 1989; Zhao 
et al., 1998; Fig. 1). The extent of this increase 
depended on the level of industrialization of the 
surrounding areas, on the atmospheric circula-
tion, and on water chemistry; consequently, the 
concentration of sulfate in lakes is highly varia-
ble, with values ranging from 0.01 to 1 mM (Tip-
ping et al., 1998; Holmer and Storkholm, 2001). 
The increase in sulfur deposition, in many cases, 
caused acidification that was often associated 
with a reduction in biodiversity and organism 
abundance (Brown, 1983; Driscoll and Schecher, 
1990; Charles, 1991; Driscoll et al., 2001 and 
references therein). The increase of sulfate con-
centrations in lakes may also have affected the 
availability of other nutrients. Increased sulfate 
in the anoxic parts of the hypolimnion stimulates 
sulfate reduction, and insoluble iron sulfide tends 
to precipitate in sediments. As a consequence of 
this, iron availability in the water column declines, 
potentially causing a reduction in productivity 
(Nürnberg, 1996; Kleeberg, 1997). However, the 
formation of iron sulfide competes with the bind-
ing of phosphate to iron oxides (Murray, 1995; 
Nürnberg, 1996; Kleeberg, 1997), making phos-
phate, often the limiting nutrient in lakes (Hol-
mer and Storkholm, 2001 and references therein; 
Maberly et al., 2003; Petaloti et al., 2004), more 
available in the water column. 

In recent years, the enforcement of legislation 
limiting SO

2
 emissions (Cape et al., 2003) caused 

the trends of sulfate concentrations in fresh-
waters to reverse, in some areas of Europe and 
North America (Tipping et al., 1998; Stoddard 
et al., 1999). This is starting to have an impact 

Abbreviations: APS – 5′-adenylsulfate, DMS – dimethyl-

sulfide, DMSHB – 4-dimethylsulfonio-2-hydroxybutyrate, 

DMSP – dimethylsulfonioproprionate, GSH – glutathione, 

MTHB – 4-methylthio-2-hydroxybutyrate, MTOB – 4-

methylthio-2-oxobutyrate, OAS-TLO – -acetylserine (thiol) 

lyase, PAPS – phosphoadenosine-5′-phosphosulfate, PAPR 

– PAPS – reductase, psu – practical salinity units, SAT – 

serine acetyltransferase



on phytoplankton communities: the addition of 
sulfate relieved growth limitation in natural phy-
toplankton assemblages from an oligotrophic 
lake in northern England, once phosphorus was 
replenished (M. Giordano, A. Norici, V. Pezzoni; 
S.C. Maberly, unpublished). If sulfur deposition 
continues to decline, sulfur may thus become 
limiting for phytoplankton growth, in some 
lakes, either directly or by reducing the effect of 
iron sulfide formation on phosphorus availabil-
ity (Holmer and Storkholm, 2001 and references 
there in).

Sulfur availability in water basins is also 
influenced by the presence of pollutants such 
as selenate and molybdate; these anions, in fact, 
compete with sulfate for uptake via common 
transporters and may therefore reduce the abil-
ity of organisms to acquire sulfate (Ramaiah 
and Shanmugasundaram, 1962; Tweedie and 
Segel, 1970; Wheeler et al., 1982; Vandermeu-
len and Foda, 1988; Jonnalagadda and Pras-
ada Rao, 1993; Ogle and Knight, 1996; Riedel 
et al., 1996; Riedel and Sanders, 1996; Bagchi and 
Verma, 1997; Baines and Fisher, 2001; Neumann 
et al., 2003; Obata et al., 2004). Cadmium, when 
present in high concentrations, may elicit a physi-
ological syndrome resembling the effect of sulfur 
deficiency (Mosulén et al., 2003). To cope with 

heavy metals, algae produce phytochelatins. Phy-
tochelatins derive from glutathione (GSH), which 
is constituted for a substantial quota by cysteine. 
In response to high cadmium levels, thus, GSH 
production can be dramatically enhanced, using 
up large amount of cysteine (Cobbett, 2000; Saito, 
2000; Dominguez-Solis et al., 2004; Mendoza-
Cozatl et al., 2005) and energy (two moles of ATP 
per mole of GSH; Noctor et al., 2002; Mullineaux 
and Rausch, 2005). Under these conditions, espe-
cially in oligotrophic lakes, algae may experience 
sulfur limitation, which may be exacerbated by 
the energy shortage deriving from the high ener-
getic requirements of GSH synthesis.

Sulfur limitation has left an evolutionary 
imprint on the proteome of organisms. Mazel and 
Marlière (1989) found that sulfur-starved cyano-
bacteria express versions of light-harvesting phy-
cobilins with a lower content of cysteine and 
methionine than the versions expressed in sul-
fur-replete cells. Subsequent work has shown 
proteomic responses of this type in organisms of 
various trophic modes from habitats which could 
be subject to sulfur deficiency (Baudouin-Cornu 
et al., 2001, 2004; Raven et al., 2005; Bragg 
et al., 2006).

Inland Seas and Saline Lakes – Inland seas 
and saline lakes are water basins with a salinity 

Fig. 1. Main contributors to the sulfur budget for aquatic and terrestrial environments. All values are in 1012 g S yr−1. The 
values are derived from Schlesinger, 1997 and Giordano et al. 2005 b and references therein. The figure is modified from 
Schlesinger, 1997.
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in excess of 3 psu (practical salinity units: seawa-
ter averages about 35 psu). These saline inland 
waters have a global volume of 0.104 million km3, 
compared to 0.125 million km3 in freshwaters, 
and 1,322 million km3 in the ocean (Horne and 
Goldman, 1994). Some very saline lakes (about 
10 times seawater salinity), e.g. the Great Salt 
Lake, UT, USA, have the same fraction of sul-
fate among the anions as does seawater. Others, 
e.g. the Dead Sea, Israel/Jordan, have relatively 
much less sulfate than the sea, although sulfate is 
still present in abundance for the few photosyn-
thetic organisms (mainly the chlorophyte flag-
ellate Dunaliella). While salt lakes like the two 
mentioned above, similarly to the sea, have chlo-
ride as the dominant anion, others are dominated 
by carbonate or sulfate (Last and Ginn, 2005). 
Macroalgae in sulfate-dominated lakes can have 
sulfate as a dominant vacuolar anion (Hoffmann 
and Bisson, 1986). Other algal habitats which are 
not typically saline, but where sulfate is naturally 
the dominant anion, are the acidic volcanic habi-
tats typically inhabited by red microalgae such 
as Cyanidium, Cyanidioschyzon and Galdieria 
(Graham and Wilcox, 2000).

High-sulfate habitats may have impacts on 
the availability of essential elements acquired 
as oxyanions which are structurally similar to 
sulfate, and with which sulfate may compete 
for uptake sites. Examples of such possible 
competitive interactions are selenate, provid-
ing an element used in a selenium-requiring 
glutathione peroxidase which occurs in some 
algae (Raven et al., 1999), and molybdate, a 
component of such enzymes as nitrate reduct-
ase in cyanobacteria and eukaryotic algae and 
the most common form of nitrogenase in cyano-
bacteria (Marino et al., 2003). While sulfate 
limits the stimulation of nitrogen fixation by 
marine cyanoplankton by addition of molyb-
date to mesocosms, the effect of sulfate is not 
entirely competitive with molybdate (Marino 
et al., 2003). Such effects are the inverse of 
the inhibition of sulfate uptake by selenate and 
molybdate in polluted freshwaters discussed 
above.

Oceans – In oceans, the amount of sul-
fur increased substantially during the course 
of Earth’s history (e.g.: Canfield et al., 2000; 
Habicht et al., 2002; Shen et al., 2003). Today, the 
oceans are one of the main reservoirs of dissolved 

sulfur (Fig. 1) (Strauss, 1997), with a sulfate con-
centration of about 29 mmol per l (Strauss, 1997; 
Pilson, 1998), 2–3 orders of magnitude more than 
in freshwaters (Holmer and Storkholm, 2001). 
The difference in sulfur concentration between 
oceans and freshwaters may be what permits the 
cell walls of unrelated marine algae and marine 
angiosperms (seagrasses, but not, as far as the lit-
erature known to us is concerned, emergent halo-
phytes such as mangroves and salt marsh plants), 
and extracellular structures of marine invertebrates 
to have high concentrations of sulfated polysac-
charides absent in freshwater organisms and land 
plants. In marine angiosperms, sulfated galactan 
is in the plant cell walls, mostly in rhizomes and 
roots. This localization may reflect a relationship 
with nutrient absorption and a possible structural 
function. The occurrence of sulfated galactan in 
marine organisms may results from a conver-
gent adaptation due to common pressures in the 
marine environment, e.g. maintaining the struc-
ture and function of anionic polysaccharides in an 
environment of high ionic strength (Aquino et al., 
2005; cf. sulfated polysaccharides in mammalian 
connective tissue, also in a high ionic strength 
environment: Fitzgerald, 1976). It is equally pos-
sible, however, that freshwater organisms lost 
their ability to synthesize sulfated galactans in 
response to a sulfur-poor environment There are 
some intriguing observations on the metabolism 
of these sulfated polysaccharides, such as the 
apparent rapid (three exchanges per hour) and 
energy-dependent turnover of the peripheral, but 
not the central sulfate moieties of fucoidan in the 
brown macroalga Pelvetia canaliculata (Léstang-
Bremond and Quillèt, 1976), which deserve more 
investigation.

Marine macroalgae use sulfate as a major 
vacuolar osmoticum to a greater extent than 
most freshwater algae. In some cases magne-
sium serves as the major counter-ion; in a larger 
number of organisms, however, protons are the 
major counter-ions, giving vacuolar pH values 
as low as 1.0 (Peters et al., 1997; Sasaki et al., 
1999, 2005a, 2005b). The high sulfur content of 
marine organisms may be related to its proposed 
role in the deterrence of grazers (Pelletreau and 
Muller-Parker, 2002). Sulfate is the densest of 
the common inorganic anionic constituents of 
algal vacuoles, while protons are among the least 
dense cations (Raven, 1997; Boyd and Gradmann, 
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2002). This has implications for the regulation 
of overall cell density and hence of buoyancy in 
phytoplankton with a large fraction of the cells 
occupied by vacuoles (e.g. many large-celled dia-
toms), as well as for the posture of benthic mac-
roalgae (Raven, 1997).

Unfortunately, most published data on the 
modulation of sulfur acquisition and metabo-
lism in algae concern sulfur limitation. While 
this is not a condition that marine phytoplank-
ton often faces, it may concern algae inhabiting 
some freshwater environments. In the oceans, 
the abundance of sulfur may allow a more lib-
eral use of S, which can be used in metabolites of 
various kinds (osmolytes, structural components, 
compounds contributing to cell density and hence 
buoyancy, etc.). Since algae maintain a relatively 
constant cell composition (Sterner and Elser, 
2002), the acquisition and assimilation of sulfur 
is controlled by the availability of other nutrients 
and, in turns, affects their use. The relative abun-
dance of S, C, N, for instance, can have major 
repercussion on cell metabolism (Giordano et al., 
2000). Therefore, in spite of the high and rela-
tively invariant sulfur availability, marine algae 
must be ready to modulate their sulfur acquisition 
and metabolism to respond to disturbances in the 
interactions between sulfur-related pathways and 
the rest of cell activities.

III. Sulfur Acquisition by Algae

Sulfate transporters of green algae and cyano-
bacteria are integral membrane proteins that, 
in freshwater organisms, promote sulfate/H+ 
or sulfate/Na+ co-transport (Weiss et al., 2001; 
Palenik et al., 2003). Several genes encod-
ing sulfate transporters have been cloned from 
plants. Heterologous expression in yeast reveals 
high (K

m

sulfate 1–10 µM) and low affinity (K
m

sulfate 
0.1–1 mM) subtypes (Hawkesford and Wray, 
2000; Saito, 2000). Algal sulfate transporters 
have been characterized in Chlamydomonas 
reinhardtii (Yildiz et al., 1994), in which both 
the V

max
 (10-fold) and the affinity (7-fold) for 

sulfate transport were greatly increased in this 
organism under sulfur limited conditions (Davies 
et al., 1994). Similar results were also obtained 
for Dunaliella salina (M. Giordano and V. Pezzoni, 
unpublished data). Despite the findings from 

D. salina which normally lives in high-S habitats, 
it is currently unclear whether these findings can 
be generalized to marine algae and other algal 
taxa; apparently, the high sulfate content of the 
oceans makes inducible uptake systems unnec-
essary. It should be noted that inducible sulfate 
transporters do not seem to be present in prokary-
otic algae such as freshwater Synechococcus 
spp., where a single transport system for sulfate 
has been found, which is probably directly pow-
ered by ATP rather than by coupling to potas-
sium, proton, sodium or chloride transport 
(Green and Grossman, 1988; Laudenbach and 
Grossman, 1991; Ritchie, 1996). Ritchie (1996) 
carefully defined the chemical concentration and 
electrical potential difference driving sulfate 
across the plasmalemma in Synechococcus. The 
energy released in sulfate efflux from the cells 
defines the minimum energy input (kJ) needed 
to transport a mole of sulfate into the cells. For a 
marine alga, with 29 mM sulfate in the medium, 
an assumed 1 mM free sulfate in the cytosol, 
the free energy difference favoring sulfate entry 
would be about 8.4 kJ per mole. The driving force 
tending to move a divalent anion like sulfate out 
of the cell, with a ‘typical’ electrical potential 
difference across the plasmalemma of 60 mV, 
inside negative, would be approximately 11.6 kJ 
per mole. Combining the chemical and electri-
cal components gives a driving force tending to 
move sulfate out of the cell of 3.2 kJ per mole: 
this is the minimum energy needed to move one 
mole of sulfate into the cells.

It has been shown that some eukaryotic 
organisms can also cleave ester bonds between 
sulfate and organic substances via the action 
of arylsulfatases (ARS). The ARS genes are 
mostly induced upon sulfate deficiency; the 
enzymes are targeted to the outside of the cell, 
making sulfate from organic sources available 
for import. Among algae, ARS enzymes have 
been found in the freshwater chlorophytes 
Chlamydomonas reinhardtii, whose protein 
complement contains two periplasmic arylsul-
fatases with similar regulatory and kinetic prop-
erties (Davies and Grossman, 1998; Ravina et 
al., 2002), and Volvox carteri, whose genome 
includes only one ARS gene (Hallmann and 
Sumper, 1994). Further investigations are 
needed to reveal whether the presence of ARS 
occur in other taxa and environments.
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IV. Assimilation and Reduction 
of Sulfate by Algae

In the green alga Chlamydomonas, the metabolic 
pathways for sulfur assimilation appears to be very 
similar to that of higher plants (Hawkesford and 
Wray, 2000; Leustek et al., 2000; Saito, 2000), 
and the sequence similarity between the genes 
encoding the key enzymes in this alga and their 
orthologues from higher plants is very high 
(Ravina et al., 2002). Phylogenetically, the algal 
enzymes seem to have diverged from the higher 
plant genes prior to the gene amplification that 
generated the gene families of higher plants 
(Ravina et al., 2002). Sulfate, after uptake into 
the cytoplasm, is transported into the plastids, or, 
if present in excess, stored in vacuoles.

The chemically stable sulfate anion must 
be activated by ATP to 5′-adenylsulfate (APS) 
before it can be reduced. This reaction is cata-
lyzed by ATP sulfurylase (ATP-S). Such activa-
tion is also required, apparently involving the 
cytidine analogue of APS, when sulfur is incor-
porated, at the sulfate redox level, into sulfated 
polysaccharides (Léstang and Quillet, 1973). 
Sulfate activation is also needed for incorpora-
tion, with partial reduction, of sulfate into the 
sulfonyl residue of sulfoquinovose, the polar 
group of the thylakoid membrane sulfolipid sul-
foquinovosyl diacylglyceride found in all O

2
-

evolving organisms examined, apart from the 
cyanobacterium Gloeobacter violaceous, that 
lacks thylakoids and performs the ‘thylakoid 
reactions’ in the cell membrane (Güler et al., 
1996; Selstam and Campbell, 1996; Benning, 
1998; Khotimchenko, 2002; Sato, 2004). Van 
Mooy et al. (2006) have shown that Prochlo-
rococcus, a marine cyanobacterium with a very 
low cell phosphorus content, has a very high 
ratio of sulfolipid to phospholipid, suggest-
ing that sulfolipid substitutes for phospholipid 
in the plasmalemma as well as being, as usual, 
the dominant polar lipid in the thylakoid mem-
branes. These data are from laboratory cultures 
with sulfate to phosphate concentration ratios 
in the culture medium that are three orders of 
magnitude higher than in some Prochlorococcus 
habitats, and Van Mooy et al. (2006) speculate, 
following Benning (1998), that even higher sul-
folipid to phospholipid ratios may occur in some 
natural populations of Prochlorococcus.

In the mainstream pathway, APS is then 
reduced to sulfite by APS reductase, receiv-
ing two electrons from GSH (Bick and Leustek, 
1998). In both plants and algae, APS reductase is 
a primary regulation site for the sulfate assimi-
lation pathway (Gao et al., 2000; Kopriva et al., 
2002). Remarkably, in some algae APS reductase 
activity is 400-fold higher than typically found in 
plants, it correlates with growth rates and depends 
on N availability (Gao et al., 2000). Sulfite reduc-
tion to sulfide is catalyzed by sulfite reductase, an 
enzyme structurally and functionally similar to 
nitrite reductase (Bork et al., 1998). The resulting 
free sulfide is rapidly incorporated into cysteine, 
the first stable organic sulfur compound in the 
pathway.

Early studies of sulfate assimilation using 
Chlorella pyrenoidosa assumed the existence of 
an APS-sulfotransferase that used APS to trans-
fer the sulfate group to a carrier-bound SH-group 
(RS:SO

3
H), possibly GSH (Schmidt, 1972). The 

presence of this activity was later also demon-
strated for freshwater Euglena and the marine 
macroalga Porphyra (Schiff et al., 1993, and 
references therein; Kanno et al., 1996), suggest-
ing that bound-sulfite was as an intermediate of 
sulfate reduction. In the freshwater flowering 
plant Lemna, however, the APS-sulfotransferase 
activity was identical to the enzyme APS reduct-
ase (Suter et al., 2000). A thioredoxin-dependent 
reduction of phosphoadenosine-5′-phosphosul-
fate (PAPS) by a PAPS reductase (PAPR) and fur-
ther reduction of free sulfite by sulfite reductase 
was also proposed (Schwenn, 1989). Reduction 
via PAPS requires the activation of APS to PAPS 
by an APS kinase, whose enzymatic activity and 
the corresponding genes are well characterized 
in terrestrial plants (Schwenn, 1994). The result-
ing reaction sequence would closely resemble 
that found in cyanobacteria and enterobacteria. 
Interestingly, APS reductase-like proteins were 
also found in eubacteria such as Pseudomonas 
(Bick et al., 2000). Recently, a targeted knock-
out of the single APS-reductase gene (APR) in 
the bryophyte Physcomitrella patens revealed 
the co-existence of a functional PAPR gene 
(Koprivova et al., 2000), provided unambigu-
ous molecular-genetic evidence of the existence 
of such enzymatic activity in eukaryotic photo-
synthetic organism. The genome databases of 
higher plants have so far not revealed sequences 
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with significant homology to either bacterial or 
Physcomitrella PAPR genes. It is therefore likely 
that APR and PAPR genes were present in the 
common ancestor of mosses and higher plants 
and that PAPR genes were subsequently lost dur-
ing the evolution of vascular plants (Koprivova 
et al., 2002). The evolutionary trajectories of this 
assimilatory pathways among the algae remains 
to be elucidated (Gao et al., 2000).

In photoautotrophic organisms, essentially 
all reduced sulfur is incorporated into cysteine, 
that, directly or indirectly, serves as the precur-
sor for all compounds containing reduced sulfur. 
Cysteine synthesis is afforded by the consecu-
tive action of serine acetyltransferase (SAT) and 
O-acetylserine (thiol) lyase (OAS-TL). In higher 
plants these two enzymes occur in the cysteine 
synthase complex, which is a pivotal position in 
the regulatory system that mediates between sul-
fate acquisition at the plasmalemma and cysteine 
formation (Wirtz et al., 2000; Hell and Hillebrand, 
2001; Berkowitz et al., 2002; Hell et al., 2002). In 
Chlamydomonas reinhardtii, all the messengers 
involved in cysteine synthesis (at least those iso-
lated so far) appear to code for proteins with chlo-
roplast transit peptides; this suggests that, in this 
alga, differently from vascular plants, cysteine 
synthesis takes place exclusively in the chloro-
plast (Ravina et al., 2002). If this holds true, it 
would agree with the finding that the genes of this 
pathways identified so far in algae are not diver-
sified into families, in contrast to those of higher 
plants. The distribution of the enzyme of cysteine 
synthesis in different cell compartments may thus 
be a recent event, possibly associated with tissue 
specialization (Ravina et al., 2002).

Photosynthetic organisms, but not animals, use 
cysteine as a precursor of methionine (Ravanel 
et al., 1998; Hell and Hillebrand, 2001; Hesse and 
Hoefgen, 2003). Until recently, only cytosolic 
forms of methionine synthase had been iso-
lated or cloned (Eichel et al., 1995). This would 
imply that methionine is only synthesized in the 
cytosol and must therefore be re-imported into 
plastids. Ravanel et al (2004), however, reported 
on a plastidial methionine synthase in Arabidop-
sis thaliana, which would make the chloroplast 
autonomous with respect to methionine synthe-
sis. These findings still await confirmation for 
algae, since significant differences in the plastid 
proteome and metabolome exists between higher 

plants and at least some algae. We refer to other 
chapters of this book for a more thorough discus-
sion of these aspects of sulfur metabolism.

As the result of the assimilatory steps described 
above, phytoplankton assimilates inorganic sul-
fate into organic compounds at an average glo-
bal rate of 260 µmoles m−2 d−1. About 40% of the 
assimilated sulfur is allocated into low molecular 
weight compounds such as GSH and dimethyl-
sulfonioproprionate (DMSP) at the sulfide redox 
level (195 µmol m−2 d−1), 35% into proteins, again 
at the sulfide redox level (90 µmoles m−2 d−1), 
21% into ester-sulfate, and 4% into sulfolipids at 
the sulfonate redox level (Bates et al., 1994).

V. Interactions Between S 
and C, N, P Metabolism

Very little is known about the cross-talk between 
sulfur metabolism and the other major mineral 
assimilation pathways. Since carbon, nitrogen 
and sulfur are essential components of proteins, 
the limitation of any one of them stalls protein 
biosynthesis in all compartments. The cell reacts 
by increasing the acquisition of the limiting nutri-
ent and/or adjusting the capacity, flux rates and 
intermediate storage options of the pathways of 
the non-limiting nutrients. Under conditions of 
prolonged or severe deficiency of carbon, nitro-
gen or sulfur, these processes eventually affect 
the photosynthetic apparatus and consequently 
the photosynthetic efficiency. In organisms such 
as C. reinhardtii and in Synechococcus PCC 
7942, sulfur limitation typically causes a rapid 
decline in the expression of major components of 
the photosynthetic apparatus (Lilly et al., 2002; 
Zhang et al., 2002, 2004). Also, upon S-depriva-
tion, D1 biosynthesis slows down and the PSII 
repair process is stopped (Vasilikiotis and Melis, 
1994; Wykoff et al., 1998; Melis, 1999). As a con-
sequence, a gradual loss of PSII activity and of 
oxygen evolution occurs as photodamaged PSII 
centers accumulate in the chloroplast thylakoids 
(Wykoff et al., 1998) and occasionally microaer-
obic conditions occur (Collier et al., 1994; Melis 
et al., 2000; Zhang et al., 2002; Melis and Chen, 
2005). The reduction in photosynthetic electron 
flow during sulfur starvation, in C. reinhardtii, 
seems to be an active mechanism necessary to 
cope with this condition (Davies et al., 1996; 
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Wykoff et al., 1998). The importance of similar 
events in ecologically more relevant organisms 
and in natural ecosystems, remains to be ascer-
tained.

A decrease in photosynthetic capacity and 
affinity for inorganic carbon is frequently con-
sequent to sulfur deprivation (Giordano et al., 
2000). In Dunaliella salina, the reduction in pho-
tosynthetic capacity correlates with a decline of 
both rubisco protein and chlorophyll a/b-binding 
proteins, indicating that both light and “dark” 
reactions of photosynthesis are affected by sulfur 
deficiency (Wykoff et al., 1998; Giordano et al., 
2000). Interestingly, the reduction in photosyn-
thetic affinity for inorganic carbon is not asso-
ciated with a decline in the activity of carbonic 
anhydrases, enzymes usually considered strictly 
correlated with the activity of CO

2
 concentrating 

mechanisms (Giordano et al., 2000; Giordano 
et al., 2005a). Further studies will be necessary 
to comprehend the mechanisms by which sulfur 
deprivation reduces the photosynthetic affinity 
for inorganic carbon. The maintenance of extra-
cellular carbonic anhydrase activity and protein 
abundance (Giordano et al., 2000) suggests that 
protein degradation under sulfur limitation is 
selective, with maintenance of this enzyme that is 
widely held to be important in algal CO

2
 concen-

trating mechanisms. Rubisco is arguably among 
the proteins whose amount is more obviously 
reduced under sulfur limitation. The degrada-
tion of rubisco may partially depend on the fact 
that this enzyme represents a very large reservoir 
of reduced sulfur (up to 50 mM in the chloro-
plast, according to Ferreira and Teixeira, 1992). 
A reduction in the relative abundance of rubisco 
could thus facilitate sulfur recycling and alloca-
tion of carbon skeletons to molecules involved in 
specific responses to sulfur deprivation (Giordano 
et al., 2000).

The effect of sulfur limitation on photosynthesis 
could also be related to its impact on sulfolipids. 
Sulfolipids are key components of photosyn-
thetic membranes and are crucial for the func-
tion of photosystems and ATP synthase (Güler 
et al., 1996 and reference therein; Benning, 1998; 
Khotimchenko, 2002; Sato, 2004; cf. Selstam and 
Campbell, 1996).

Sulfur limitation causes an increase in free 
amino acids, most notably of glutamine and 
arginine, that, at least in tobacco, is paralleled by 

a transcriptional down-regulation of nitrate reduct-
ase and plastid glutamine synthase gene expression 
(Migge et al., 2000). In the green alga Dunaliella 
salina, nitrate reductase inhibition may derive 
from an increase of intracellular NH

4

+ (Berges, 
1997) determined by a dramatic reduction in ana-
plerosis and by a diversion of carbon towards C3 
rather than C4 compounds, subsequent to sulfur 
deprivation (Giordano et al., 2000).

VI. Algae are the Main Source 
of Biogenic Reduced Sulfur 
in the Environment

It was only recently that, revisiting speculations 
by Lovelock and co-workers (1972), the elevated 
SO

2
 concentration above the sea surface was 

connected to biogenic DMS production (Fig. 1) 
(Nguyen et al., 1983). Most of the global emis-
sions of DMS are indeed due to events taking 
place in the ocean (15.5 Tg S yr−1), with only 
a minor contribution from land (1.1 Tg S yr−1; 
Bates et al., 1992; Roelofs et al., 1998; Fig. 1). 
Once in the atmosphere, DMS reacts with NO

3

− 
and OH• to generate SO

2
, which is then oxidized 

by OH• to sulfuric acid; sulfuric acid is prob-
ably quickly converted to NH

4
HSO

4
 (Roelofs 

et al., 1998). Theses product of DMS oxidation 
act as cloud condensation nuclei and thus affect 
the radiation balance of the Earth (Charlson 
et al., 1987; Falkowski et al., 1992) and the acid-
base chemistry of the atmosphere (Charlson and 
Rhode, 1982). DMS also impacts the local acid-
base balance in water (Cantoni and Anderson, 
1956; Dacey and Blough, 1987) and may deter-
mine local changes in the equilibria of dissolved 
inorganic carbon with some effect on photosyn-
thesis (Raven, 1993), especially in poorly buff-
ered waters. In spite of the fact that the ocean is 
the main natural source of reduced sulfur to the 
atmosphere (Giordano et al. 2005b and references 
therein) and that most of this sulfur is in the form 
of algal DMS (Charlson et al., 1987; Bates et al., 
1992; Andreae and Crutzen, 1997), the atmos-
phere remains a minor sink in the overall DMS 
cycle in the ocean (Wolfe et al., 1991; Gabric 
et al., 1999, 2001). It was estimated that less than 
10% of DMS in surface waters ever enters the 
atmosphere (Malin, 1998); the rest is utilized by 
methylotrophic bacteria (Kiene and Bates, 1990; 
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Yoch, 2002) or is photolytically oxidized to non-
volatile products (Gabric et al., 2001).

DMS, together with acrylate, is the product 
of the cleavage of the tertiary sulfonium com-
pound 3-dimethylsulfonioproprionate ( (CH

3
)

2
S+ 

CH
2
CH

2
COO−), better known by its acronym 

DMSP (Charlson et al., 1987; Keller et al., 1989; 
Malin, 1996). DMSP concentration, in DMS pro-
ducers, ranges between 50 and 400 mM, equiv-
alent to 50 to almost 100% of the total organic 
sulfur in the cell (Matrai and Keller, 1994; Keller 
et al., 1999; Wolfe, 2000; Yoch, 2002). DMSP 
biological turnover is 3–130 nM d−1 in non-bloom 
conditions (Kiene, 1996a; Ledyard and Dacey, 
1996), with higher rates during algal blooms 
(Van Duyl et al., 1998). At the pH and tempera-
ture of seawater, the uncatalyzed production of 
DMS and acrylate from DMSP is quantitatively 
negligible (Dacey and Blough, 1987); most DMS 
production in the ocean is the result of biologi-
cal activity. It should be noted, however, that 70 
to 95% of algal DMSP is not degraded to DMS 
but is instead used to produce methanethiol in a 
competing pathway (Taylor and Gilchrist, 1996) 
that may exert a control function on DMS pro-
duction (Kiene, 1996b). It is believed that DMSP 
in the oceans is usually much more abundant than 
DMS, with ratios DMSP:DMS varying from 3 to 
25 (Bates et al., 1994 and references therein).

The biological production of DMS from DMSP 
is catalyzed by the enzyme DMSP lyase (Wolfe, 
2000). DMSP lyases have been identified in bac-
teria (de Souza and Yoch, 1995a, b; Yoch et al., 
1997), in the marine fungus Fusarium lateritium 
(Basic and Yoch, 1998), and in a number of marine 
phytoplankters (Stefels and van Boekel, 1993; de 
Souza et al., 1996, Stefels and Dijkhuizen, 1996; 
Steinke and Kirst, 1996; Niki et al., 2000).

Apparently, substrate and enzyme only come 
in contact when cells break because of (sloppy) 

grazing, senescence, and viral and bacterial attack 
(Leck et al., 1990; Stefels and van Boekel, 1993; 
Christaki et al., 1996; Levasseur et al., 1996; 
Verity and Smetacek, 1996; Wolfe et al., 1997, 
2002; Hill et al., 1998; Tang, 2000; Bucciarelli 
and Sunda, 2003), and enzyme and substrate are 
often produced by different organisms (Steinke 
and Kirst, 1996; Steinke et al., 1996; Wolfe et al., 
1997; Steinke et al., 2002a, b).

Since certain groups of algae are greater DMSP 
producers than others (Sunda et al., 2002; Yoch, 
2002; Kasamatsu et al., 2004a, b), the species 
composition of phytoplankton can have a strong 
influence on the rate of DMS production (Liss 
et al., 1997; Matrai and Vernet, 1997; Bates et al., 
1994 and references therein). However, there 
is evidence of the fact that taxonomy can often 
be overrun by physiology in controlling DMSP 
production (Matrai and Vernet, 1997). Nutrient 
availability, for instance, is a very strong modula-
tor of DMSP production (Turner et al., 1996); in 
the South Pacific, the addition of iron (as ferrous 
sulfate) dramatically stimulated DMS produc-
tion (NIWA Science 2006). The dependence of 
DMSP metabolism and DMS emission on phyto-
plankton composition and environmental factors 
is reflected by its temporal variability. A number 
of studies showed that average concentrations of 
DMS in surface seawater can vary by as much 
as a factor of 50 between summer and winter in 
the mid and high latitudes (Bates et al., 1994, and 
references therein). DMS production (and pre-
sumably concentrations) is probably susceptible 
of rather large oscillations also in the long term: 
according to ice core data, DMS emissions may 
have varied by a factor of 6 between glacial and 
interglacial times (Legrand et al., 1991).

The synthesis of DMSP, in all organisms, starts 
from methionine. The pathway for the conversion 
of methionine to DMSP is likely to have evolved 

Fig. 2. Biosynthetic DMSP pathways in marine algae. Modified from Gage et al., 1997.
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independently at least three times, once in algae 
and twice in flowering plants, as suggested by 
the existence of three distinct pathways (Gage 
et al., 1997; McNeil et al., 1999). In microalgae 
and macroalgae DMSP synthesis occurs via a 
four-step pathway (Gage et al., 1997). In these 
organisms, methionine is converted to the unstable 
2-oxo acid, 4-methylthio-2-oxobutyrate (MTOB) 
(Gage et al., 1997; Fig. 2). This reaction is cata-
lyzed by a transaminase that, differently from that 
of the typical pathway for methionine salvage in 
plants, animal and bacteria, has a higher affinity for 
glutamate as the amino donor than for glutamine 
and asparagine (Gage et al., 1997; Summers 
et al., 1998); also, the K

m
 for methionine of this 

enzyme is an order of magnitude lower (30 µM) 
than that of most transaminases (usually in the 
millimolar range; Jenkins and Fonda, 1985). It is 
possible that this high affinity for methionine is 
required to compete with enzymes like methio-
nyl-tRNA synthetase (Burbaum and Schimmel, 
1992; Schröder et al., 1997), also known to have 
a very low K

m
 for methionine. It should be con-

sidered that DMSP synthesis must drain very 
large amounts of methionine, in consideration 
of the fact that, in Enteromorpha intestinalis, up 
to 90% of the reduced sulfur is in DMSP (Gage 
et al. 1997). The compound MTOB is then reduced 
to 4-methylthio-2-hydroxybutyrate (MTHB). 
The enzyme that catalyzes this reaction, MTOB 
reductase, is very active in algae that produce 
large quantities of DMSP, whereas its activity is 
usually much lower (less than 5%) in algae that 
do not accumulate DMSP (Summers et al., 1998). 
While Met aminotransferase and MTOB reductase 
are also present in non-DMSP producers, even if 
with much lower activities, the subsequent steps 
in the pathway of DMSP synthesis are exclusive 
of DMSP producers. A MTHB S-methyl trans-
ferase is responsible for the S-methylation of 
MTHB, with production of 4-dimethylsulfonio-
2-hydroxybutyrate (DMSHB); this is possibly 
the committing step of this pathway (Gage et al., 
1997). DMSHB has osmoprotectant properties 
and it has been proposed that it was the functional 
and evolutionary precursor of DMSP (Summers 
et al., 1998). The final step of the pathway con-
sists in the oxidative decarboxylation of DMSHB 
to DMSP (Summers et al., 1998).

Along the lines of the “Gaia hypothesis” 
(Lovelock and Margulis, 1974), Charlson et al. 

(1987) proposed that the DMS released in the 
atmosphere, by contributing to sunlight-scattering 
and cloud condensation, is a crucial component 
of a feedback mechanism initiated by a stimula-
tion of algal growth associated with increasing 
global temperature (Andreae and Crutzen, 1997). 
While a role of DMS in climate forcing cannot be 
excluded, the observations that (a) little DMSP 
is degraded to DMS by healthy algal cells, (b) 
only a small portion of DMSP is ever converted 
to DMS, (c) only a small percentage of DMS 
in surface seawaters ever enters the atmosphere 
(see above) diverted the attention of researchers 
towards the role that DMSP may play within or 
around the cells that produce it, rather than on its 
“gaian” contribution.

DMSP is an effective cryoprotectant (Kirst 
et al., 1991; Karsten et al., 1992; Nishiguchi and 
Somero, 1992), whose production, at least in some 
cases, was shown to be favored by a decrease in 
water temperature (Sheets and Rhodes, 1996; this 
is obviously in contradiction with a role of DMS 
in the cooling of the planet). It has also been 
shown that DMSP (like many other compatible 
solutes, but not glycine betaine: Smirnoff and 
Cumbes, 1989) and its breakdown products act 
as scavengers of hydroxyl radical and other reac-
tive oxygen species (Sunda et al., 2002; Wolfe 
et al., 2002). DMSP is certainly a compatible solute, 
although the importance of short-term changes 
in DMSP concentration in response to salin-
ity changes (i.e. an osmoregulatory role) is less 
clear (Malin and Kirst, 1997; Trossat et al., 1998; 
Stefels, 2000; Welsh, 2000). DMSP is indeed 
rather similar in structure and in function as a 
compatible solute to the N-containing osmolyte 
glycine betaine; this makes DMSP an excellent 
substitute for glycine betaine under N deficiency, 
especially when S is abundant, as is the case in the 
ocean (Andreae, 1986; Dacey et al., 1987; Turner 
et al., 1988; Gröne and Kirst, 1992; Liss et al., 
1997; McNeil et al., 1999). Moreover, DMSP syn-
thesis is initiated by a transamination (see above), 
which is favored by a depletion of cellular amino 
acids, hence favoring the switch to DMSP when 
nitrogen is limiting (Gage et al., 1997). DMSP 
solutions have a higher density than isosmotic 
glycine betaine solutions (Boyd and Gradmann, 
2002), with implications for the buoyancy of phy-
toplankton. DMSP is also the precursor for cues 
for chemosensory attraction between algae and 
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bacteria (Zimmer-Faust et al., 1996), deterrence 
between algae and microzooplankton (Wolfe 
et al., 1997; Simò, 2001 and references therein), 
and as a feeding attractant for top carnivore sea-
birds with implications for feedback effects on 
algal grazing (Nevitt et al., 1995). It has been 
hypothesized that DMSP cleavage constitutes a 
mechanism of grazing-activated defense (Wolfe 
et al., 1997; Strom et al., 2003a, b) based on the 
potent antimicrobial activity of acrylate (Sie-
burth, 1960, 1961). This idea is supported by the 
observation that predators preferentially feed on 
algae with low DMSP production or DMSP lyase 
activity (Wolfe et al., 1997; Strom et al., 2003a, 
b). It is possible that the energetic cost associated 
with this anti-grazing strategy is at least partially 
compensated by the several (e.g. cryoprotectant, 
antioxidant, compatible solute) functional roles 
of DMSP. DMSP synthesis may also represent an 
overflow mechanism for excess reduced sulfur 
and reducing power under unbalanced growth, 
though the excess must be excreted if osmoregu-
lation is not to be compromised (Stefels, 2000).

The large amount of sometimes contradictory 
data on DMSP, DMS and their roles calls for an 
additional research effort. The role of DMSP as 
a sink for sulfur and the physiological conse-
quences for the control of flux rates of sulfate 
uptake and assimilation remain to be clarified. 
Precise knowledge on the cellular processes 
affecting sulfur metabolism and DMSP synthe-
sis will contribute to improve models for the role 
of phytoplankton in the emission of atmospheric 
sulfur at a large scale and on the biogeochemical 
S cycle in general.

VII. Sulfur Availability may have Played 
a Role in Algal Evolution, Succession 
and Distribution

Algae cultured under similar nutritional regimes 
can have rather different C:S ratios (Ho et al., 
2003). Diatoms and dinoflagellates are the groups 
of algae that, on average, contain the highest 
amount of sulfur per unit of carbon. Chlorophytes 
are at the other end of the range, with the high-
est C:S ratios. Coccolithophores are intermedi-
ates between these two extremes with respect 
to their C:S ratios (Keller et al., 1989; Heldal 
et al., 2003; Ho et al., 2003). Interestingly, the only 

two species of chrysophytes tested for DMSP cell 
content (Chrysamoeba sp. and Ochromonas sp.; 
Yoch, 2002 and references therein) are among 
the phytoplankters with the highest cell DMSP 
concentration (Sunda et al., 2002). In the absence 
of data for a larger number of species, however, 
this cannot be assumed as a characteristic of this 
taxon. A high S use efficiency could be important 
in some freshwater environments, but it appears 
to be of minimal relevance in marine environ-
ments, where sulfate is very abundant (Pilson, 
1998). It does therefore make sense that, at least 
in general terms, dinoflagellates, diatoms and 
coccolithophores (chlorophyll a/c algae), among 
the most abundant photolithotrophs in the oceans, 
have C:S ratios that are lower than those of chlo-
rophytes (chlorophyll a/b algae), that prevail in 
freshwaters (e.g. Falkowski et al., 2004). High 
DMSP production (Keller et al., 1989 and refer-
ences therein) is usually found in organisms with 
lower C:S ratios (Ho et al., 2003). This may be 
not coincidental and the species composition of 
phytoplankton in today’s oceans could be related, 
to some extent, to the ability of cells to produce 
DMSP (and its degradation products) as a protec-
tion against grazing. What is known about Earth 
and ocean history also fits with the hypothesis that 
sulfur availability may have contributed to deter-
mine phytoplankton composition (A.H. Knoll, 
personal communication). Until the late Protero-
zoic Eon, 550 million years before present, sul-
fate levels in the oceans were possibly only a few 
percent of today’s levels (Shen et al., 2003; Kah 
et al., 2004; Poulton et al., 2004), which is within 
the range for present-day freshwaters (Tipping 
et al., 1998; Holmer and Storkholm, 2001). Dur-
ing this interval, cyanobacteria and green algae 
(chlorophyll a/b) radiated and constituted most 
of the ocean phytoplankton. Most chlorophyll 
a/c algae probably originated before the Neopro-
terozoic, but did not become major components 
of the phytoplankton until the Triassic (Anbar 
and Knoll, 2002; Falkowski et al., 2004; Kah 
et al., 2004; Poulton et al., 2004). It is interesting 
that food web complexity and grazing intensity 
also changed during the Mesozoic (250–65 Ma). 
This is reflected in the changes in the structure of 
marine animal communities (almost all benthic, 
as far as the fossil record for grazers is concerned, 
with the exception of foraminifera) and in the 
repeated acquisition of skeletons by phytoplankton 
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(Vermeij, 1977; Bambach et al., 2002; Knoll, 
2003; Falkowski et al., 2004). This increase in 
the grazing pressure could have exerted a selec-
tive action in favor of the phytoplankters with 
low C:S ratios and high capacity for DMSP 
productions; in an environment with abundant 
bio-available sulfur, such as the Mesozoic (and 
today’s) oceans, these organisms were in a com-
paratively better position than their counterpart 
with high C:S ratios and a reduced capacity 
for DMSP production. The ability to produce 
DMSP, which had probably been acquired pre-
viously for other functions (N-saving osmolyte, 
cryoprotectant, antioxidant, metabolic overflow) 
may have become a major evolutionary discri-
minant in response to increased effectiveness of 
grazers.
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Summary

Sulfur is essential for plant growth and functioning. Sulfate taken up by the roots is the primary sulfur 
source for growth, but additionally plants are able to utilize absorbed sulfur gases by the shoot. Prior 
to its assimilation sulfur needs to be reduced and cysteine is the primary precursor or sulfur donor for 
other plant sulfur metabolites. Sulfur is of great significance for the structure of proteins and function-
ing of enzymes and it plays an important role in the defense of plants against stresses and pests. Sulfur 
metabolites such as glutathione provide protection of plants against oxidative stress, heavy metals and 
xenobiotics. Secondary sulfur compounds (viz. glucosinolates, γ-glutamyl peptides and alliins), phyto-
alexins, sulfur-rich proteins (thionins), localized deposition of elemental sulfur and the release of volatile 
sulfur compounds may provide resistance against pathogens and herbivory. Plant species vary largely in 
sulfur requirement, and an adequate and balanced sulfur nutrition is crucial for their production, qual-
ity and health. The assimilation of sulfur and nitrogen are strongly interrelated and sulfur deficiency in 
plants can be diagnosed by the nitrogen to sulfur ratio of plant tissue. In agricultural ecosystems, the 
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occurrence of sulfur deficiency of soils can easily be corrected by the application of sulfur fertilizers, 
which additionally prevents negative environmental side effects such as leakage of nitrate to drainage 
water. Plants in natural ecosystems generally have an adequate sulfur supply, which partly originates 
from atmospheric sulfur inputs. Humans and animals rely on plants for their reduced sulfur, and plant 
sulfur nutrition has a decisive effect on food quality, e.g., availability of methionine, breadmaking and 
malting quality, and on health, because some secondary sulfur compounds have significance as phyto-
pharmaceuticals. A balanced sulfur diet is essential in animal feeding and deficiency negatively affects 
sheep wool production, though excessive sulfur may induce copper or selenium deficiency in cattle.

I. Introduction

Sulfur is an essential nutrient for plants and is 
considered as the fourth major plant nutrient after 
nitrogen, phosphorous and potassium. Total sul-
fur content in plants tissue ranges from 0.3% to 
7.6%; the latter is found in plants from gypsum 
soils (Tabatabai, 1986; Ernst, 1990). In general, 
plants rely on sulfate taken up by roots as the sul-
fur source for growth. In agro-ecosystems sulfur 
supply is not always optimal for plant growth and 
quality (Schnug, 1998). The abundance of sulfate 
in the pedosphere varies widely and may origi-
nate from weathering of rock, mineralization of 
organic sulfur, ground or runoff water, atmos-
pheric deposition of sulfur gases and fertilizers. 
The majority of the sulfate taken up by the plant 
is reduced and metabolized into cysteine and 
methionine, both of which are highly important in 
proteins (De Kok et al., 2002a; Hawkesford and 
De Kok, 2006; Haneklaus et al., 2007b). Accord-
ingly, the assimilation of sulfur and nitrogen are 
strongly interrelated and the organic molar N/S 
ratio may reflect the sulfur status of the plant, 
which usually ranges from 30 to 35 for sulfur-
sufficient crop plants (Durenkamp and De Kok, 
2003; Oenema and Postma, 2003). Plants contain 
a large variety of other organic sulfur compounds, 
which play an important role in plant functioning 
and adaptation to the environment (De Kok et al., 
2002a).

In the present chapter, the role of sulfur for 
plant production in agro- and natural ecosys-
tems will be evaluated. It is evident that the sul-
fur supply to the plant has a decisive effect on 
the growth, the performance and fitness, and the 
resistance of plants to biotic and abiotic stresses. 
Furthermore, sulfur strongly affects food quality 
of crop plants.

II. Uptake, Assimilation and Distribution 
of Sulfur

The uptake and reduction of sulfate in plants and 
its subsequent assimilation into organic sulfur 
compounds is highly coordinated (Hawkesford 
and De Kok, 2006). The uptake and distribu-
tion of sulfate in the plant is mediated by sul-
fate transporter proteins, which are encoded by 
a sulfate transporter gene family consisting of at 
least 14 members. The sulfate transporters have 
been classified in five different groups accord-
ing to their cellular and subcellular expression 
and possible functioning (Davidian et al., 2000; 
Hawkesford, 2000; Hawkesford and Wray, 
2000; Hawkesford et al., 2003a,b; Buchner et al., 
2004; Hawkesford and De Kok, 2006; Chapter 
2). There is a distinct group of sulfate transporters 
(Group 1), which mediate the uptake of sulfate by 
the roots that have a high affinity for sulfate (Km 
1.5–10 µM). Another group of sulfate transport-
ers (Group 2) are involved in the vascular loading 
and unloading of sulfate, however, these trans-
porters have a lower affinity for sulfate. There 
are also distinct transporters (Group 4) involved 
in the vacuolar exchange of sulfate, whereas the 
functions of other transporter groups (Groups 3 
and 5) are less well characterized (Buchner et 
al., 2004; Hawkesford and De Kok, 2006). The 
uptake and distribution of sulfate and the level of 
expression of the Groups 1, 2 and 4 sulfate trans-
porter genes are directly controlled by plant sul-
fur status (Buchner et al., 2004; Hawkesford and 
De Kok, 2006). It needs to be further evaluated 
whether the local in situ sulfate concentration or 
that of a metabolic product of sulfate assimila-
tion, such as cysteine or glutathione, is involved 
as signaling of the regulatory control of the dif-
ferent sulfate transporters.
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The uptake of sulfate by the root is dependent 
on the plant sulfur requirement for growth, the 
shoot to root biomass partitioning, the different 
developmental stages of the plant viz. vegetative 
growth (herbaceous and crop plants), primary 
and secondary growth (woody plants), fruit and 
seed production, and varies widely between spe-
cies (Hawkesford and De Kok, 2006). The plant’s 
growth rate (1), sulfur requirement (2) and sulfate 
uptake (3) may be estimated as follows (derived 
from Durenkamp and De Kok, 2004):

Growth rate = (ln W
2
 − ln W

1
)/(t

2
 − t

1
) (1)

Sulfur requirement (µmol g−1 plant day−1) =

growth rate (g g−1 plant day−1) × sulfur content 
  (µmol g−1 plant)  (2)

Sulfate uptake (µmol g−1 root day−1) = 
sulfur requirement (µmol g−1 plant day−1) × 
  (S/R ratio + 1)  (3)

In (1) W
1
 and W

2
 represent the total plant weight 

(g) at time t
1
 and t

2
, respectively, and t

2
 − t

1
 the 

time interval (days) between harvests, and in (3) 
the S/R ratio represents the shoot (S) to root (R) 
biomass partitioning of the plant. Sulfate uptake 
by the roots of different crop species may for 
instance range from 8 to 40 µmol g−1 fresh weight 
day−1 (Westerman et al., 2000; Durenkamp and 
De Kok, 2004; Buchner et al., 2004), whereas 
that for tree species is presumably much lower 
(<5 µmol g−1 fresh weight day−1; Kreuzwieser 
et al., 1996; Herschbach et al., 2000; van der 
Zalm et al., 2005). The sulfur requirement of a 
crop might be predicted by scaling up the sulfur 
requirement (2) in kmol sulfur ha−1 day−1 by esti-
mating the crop biomass density ha−1 (Haneklaus 
et al., 2007a). The sulfur requirement (2) might 
have to be adjusted for woody species to allow 
for differences in growth rate and sulfur content 
among the roots, stems and branches, and the foli-
age (Johnson, 1984). The possible significance of 
mycorrhiza (symbiosis between roots and fungi) 
in the uptake of sulfate by roots of plants from 
natural ecosystems, e.g., forests, needs to be eval-
uated further (Rennenberg, 1999; Herschbach and 
Rennenberg, 2001; Tausz, 2007).

Generally the major proportion of the sulfate 
taken up is reduced and metabolized into organic 
compounds essential for structural growth, whereas 

the remaining sulfate in plant tissue is transferred 
into the vacuoles. The remobilization and in some 
species the redistribution of the vacuolar sulfate 
reserves may be rather slow and sulfur-deficient 
plants might still contain detectable levels of sul-
fate (Cram, 1990; Davidian et al., 2000; Hawkes-
ford, 2000; Buchner et al., 2004).

The chloroplast is the predominant site of sul-
fate reduction; however, root plastids are also 
able to reduce sulfate, since all enzymes of sul-
fate assimilation are present (Heiss et al., 1999; 
Lappartient et al., 1999; Lee and Leustek, 1999; 
Yonekura-Sakakibara et al., 2000; Chapter 3). At 
least for most herbaceous and crop plants, as with 
nitrate reduction (Scheurwater et al., 2002), sulfate 
reduction in the root as a proportion of the whole 
plant sulfur assimilation is limited, since here the 
shoot to root ratio generally exceeds 2 to 6. Sul-
fate needs to be activated by ATP to adenosine 5′ 
phosphosulfate (APS) catalyzed by APS sulfury-
lase before it is reduced to sulfite by adenosine 
5′ phosphosulfate reductase with glutathione as a 
reductant (Leustek and Saito, 1999; Kopriva and 
Koprivova, 2003; Fig. 1). Subsequently the sulfite 
is reduced to sulfide by sulfite reductase with 
ferredoxin as a reductant. The formed sulfide 
is incorporated into cysteine with O-acetylser-
ine as the substrate. This reaction is catalyzed by 
O-acetylserine(thiol)lyase, which is associated as 
an enzyme complex with serine acetyltransferase 
(the O-acetylserine synthesizing enzyme) named 
cysteine synthase (Droux et al., 1998; Hell, 2003; 
Chapters 4 and 5) and is the primary direct cou-
pling step between sulfur and nitrogen assimilation 
in plants (Brunold, 1990, 1993; Brunold et al., 
2003; Fig. 1).

The in situ sulfate concentration in the chloro-
plast (plastid) may be one of the limiting/regula-
tory steps in the reduction of sulfate, because the 
affinity of ATP sulfurylase for sulfate is rather 
low (K

m
 approximately 1 mM; Stulen and De 

Kok, 1993). Moreover, the expression and activ-
ity of APS reductase is highly responsive to the 
sulfur status of plant, with metabolic products of 
sulfate assimilation, such as cysteine or glutath-
ione, as the likely regulating signals (Brunold, 
1990, 1993; Leustek and Saito, 1999; Kopriva 
and Koprivova, 2003; Saito, 2003; Chapter 5).

The reduced sulfur in the shoot may be distrib-
uted from the source to the sink as glutathione 
(Rennenberg et al., 1979) or in some plant species 
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as S-methylmethionine via the phloem (Bourgis 
et al., 1999). The reduced sulfur formed in the 
roots may be transported as methionine and to a 
lesser extent as cysteine and glutathione to the 
shoot via the xylem (Pate, 1965). In contrast to 
annual herbaceous plants, the distribution of sul-
fur in perennial species and particularly trees is 
considerably more complex due to their specific 
features (Tausz, 2007). In trees there are large 
storage tissues in trunks, long distances between 

uptake in roots and consumption/reduction in 
foliage, and long life spans subject to seasonal 
changes. Compared to fast-growing herbaceous 
species, sulfur distribution has only been inves-
tigated in a few tree species in detail. A com-
parison of beech (Fagus sylvatica), a deciduous 
broadleaf, and spruce (Picea abies), an evergreen 
conifer, revealed basic differences in sulfur dis-
tribution (Rennenberg and Herschbach, 1995; 
Herschbach and Rennenberg, 2001; Herschbach, 

Fig. 1. Metabolism of sulfate and atmospheric sulfur gases in plants (adapted from De Kok et al., 2002a). APS, adenosine 5′-
phosphosulfate; Fd

red
, Fd

ox
, reduced and oxidized ferredoxin; GSH, GSSG, reduced and oxidized glutathione; SQDG, 

sulfoquinovosyl diacylglycerol.
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2003). Picea abies takes up sulfate and transports 
it to older needles, apparently the predominant 
site of sulfur reduction. Buds and young needles 
rely on reduced sulfur supplied by older needles 
as glutathione transported in xylem and phloem. 
Under normal conditions, spruce trees do not 
seem to transfer reduced sulfur from their foliage 
to the trunk and roots. These tissues may rely on 
reduced sulfur produced by root sulfur reduction. 
Upon exposure to high atmospheric sulfur input, 
however, spruce trees seem capable of transferring 
organic sulfur (most probably as glutathione) from 
the needles into the roots (Tausz et al., 2003b). 
In deciduous beech, both reduced organic sulfur 
in the form of thiols (mainly cysteine and some 
glutathione) and sulfate are supplied via xylem to 
the developing young leaves until they can meet 
their own sulfur reduction requirements. The 
cysteine seems to be supplied by the breakdown 
of storage proteins in the trunk. These storage 
proteins are synthesized during the vegetation 
period using sulfur imported as glutathione and 
sulfate (rather than cysteine) from leaves into the 
trunk. It should be noted that the specific modifi-
cations of sulfur distribution pathways in spruce 
and beech are closely related to the rhythms in 
flushing, shedding of foliage, and dormancy peri-
ods typical of a strictly seasonal climate, and that 
not much is known about the sulfur metabolism 
of trees in other climate zones.

In addition to sulfate taken up by the root, 
plant shoots are also able to absorb and metabo-
lize sulfur gases, viz. SO

2
 and H

2
S, and use them 

as a sulfur source for growth (De Kok, 1990; 
De Kok et al., 1997, 1998, 2000, 2002a,b, 2007; 
Westerman et al., 2000, 2001; De Kok and Tausz, 
2001; Tausz, 2007; Fig. 1). The foliar uptake 
of SO

2
 is generally directly dependent on the 

degree of opening of the stomata, and the internal 
resistance to the SO

2
 gas is low due to its high 

solubility in water. In general there is a linear 
relationship between the uptake of SO

2
 by the 

plant shoot and the atmospheric concentration of 
SO

2
. Once the SO

2
 gas diffuses to the mesophyll, 

it dissociates in water and forms bi(sulfite). The 
absorbed SO

2
 in the mesophyll may enter the sul-

fur reduction pathway as either sulfite or, after 
its oxidation as sulfate. Generally, SO

2
 exposure 

results in an enhanced sulfur content of the foli-
age, mainly because of an accumulation of sulfate 
presumably in the vacuole, even at relatively low 

atmospheric concentrations (De Kok, 1990; De 
Kok and Tausz, 2001; Tausz, 2007). Plants are 
able to utilize atmospheric H

2
S as a sulfur source. 

The uptake of H
2
S by the shoot is largely deter-

mined by the rate of its metabolism into cysteine 
and exposure generally results in rapid accumula-
tion of cysteine and glutathione in the shoot (De 
Kok, 1990; De Kok et al., 1998, 2002a,b; De Kok 
and Tausz, 2001). Exposure of plants to atmos-
pheric sulfur gases may depress the uptake of sul-
fate by the root and its reduction in the shoot (De 
Kok and Tausz, 2001; De Kok et al., 2002a,b). It 
has been estimated that at atmospheric levels of 
≥ 0.03 µl l−1 SO

2
 or H

2
S, foliarly absorbed sulfur 

may contribute substantially (>10–40%) to the 
sulfur requirement for growth of crop plants (De 
Kok et al., 2007).

III. Significance of Sulfur in Plant 
Functioning and Adaptation to Stress 
and Pests

Cysteine is the sulfur donor for the synthesis of 
methionine, and the precursor of several other 
sulfur compounds, such as glutathione, coen-
zyme A, biotin and secondary sulfur compounds 
in plants (Giovanelli, 1990; Noji and Saito, 2003; 
Chapter 6). The predominant proportion of the 
organic sulfur in plant tissue is present as cysteine 
and methionine residues in proteins, which may 
account for up to 60% and 90% of the total and 
the organic sulfur fraction, respectively (Heinz, 
1993; Stulen and De Kok, 1993). The sulfur-
containing amino acids are of great significance 
in the structure, conformation and function 
of proteins and enzymes. High levels of these 
amino acids may also be present as storage pro-
teins, e.g., in seeds (Tabatabai, 1986). The thiol 
groups of the cysteine residues are highly sig-
nificant in various functional reactions. In pro-
teins the thiol groups can form covalent bounds 
upon oxidation resulting in disulfide bridges 
with other cysteine side chains and/or linkage of 
polypeptides to form cystine residues. The thiol 
groups of cysteine residues in enzymes are also 
of great importance in the binding of substrates 
by enzymes, in metal-sulfur clusters in proteins 
(e.g., ferredoxins, metallothionins) and in regu-
latory proteins (e.g., thioredoxins (Jacquot et al, 
1997; Verkleij et al., 2003).
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Plants contain water-soluble non-protein thiol 
compounds, which account for 1–2% of the total 
sulfur, with concentration in plant tissue ranging 
from 0.1 to 3 mM. Cysteine and the tripeptide 
glutathione (γGlu-Cys-Gly; GSH) or its homo-
logues, e.g., homoglutathione (γGlu-Cys-βAla) 
in Fabaceae, hydroxymethylglutathione (γGlu-
Cys-βSer) in Poaceae, are the major water-
soluble non-protein thiol compounds present in 
plant tissues in glutathione/cysteine ratio gen-
erally exceeding 10  (De Kok and Stulen, 1993; 
Rennenberg, 1997; Grill et al., 2001; Chapter 11). 
Glutathione and its homologues are enzymatically 
synthesized in two steps, both of which are ATP 
dependent reactions (Fig. 1). First, γ-glutamyl-
cysteine is synthesized from cysteine and gluta-
mate by γ-glutamylcysteine synthetase and second, 
glutathione is synthesized from γ-glutamylcysteine 
and glycine (in glutathione homologues, β-alanine 
or serine) catalyzed by glutathione synthetase.

Glutathione functions in sulfur metabo-
lism in the reduction of APS (as a reductant), 

storage and transport of reduced sulfur and reg-
ulation of sulfate assimilation in plants (Grill et 
al., 2001; Chapter 11). Furthermore it functions 
as a reductant in the enzymatic detoxification 
of reactive oxygen species in the glutathione-
ascorbate cycle and as thiol buffer in the protec-
tion of proteins via direct reaction with reactive 
oxygen species, e.g., superoxide, hydrogen per-
oxide and lipid hydroperoxides, or by the for-
mation of mixed disulfides (De Kok and Stulen, 
1993; Grill et al., 2001; Tausz et al., 2003a; 
Fig. 2). All these reactions occur via a sulfide/
disulfide exchange reaction of its cysteine resi-
due generally in combination with glutathione 
reductase, an NADPH-dependent enzyme. The 
redox state of glutathione (GSH/GSSG ratio) in 
plant tissue generally exceeds a value of 7 (Ren-
nenberg, 1997; Foyer and Noctor, 2001; Tausz, 
2001). Variation in glutathione levels, its redox 
state and the activity of glutathione reductase 
have been related to the adaptation of plants 
in agro- and natural ecosystems to stress and a 

Fig. 2. Significance of glutathione and glutathione reductase in the enzymatic detoxification of reactive oxygen species in the 
glutathione-ascorbate cycle (1) and as thiol buffer in the protection of proteins via direct reaction with reactive oxygen species, 
e.g., superoxide, H

2
O

2
 and lipid hydroperoxides (2), or by the formation of mixed disulfides (3) (adapted from De Kok and 

Stulen, 1993).
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changing environment, e.g., air pollution, 
drought, low temperature, UV-B radiation (Grill 
et al., 2001; Chapter 11).

Moreover, glutathione is the precursor of 
phytochelatins ( (γGlu-Cys)

n
Gly), which are 

synthesized by a inducible phytochelatin syn-
thase. The number of γ-glutamyl-cysteine resi-
dues (γGlu-Cys)

n
 in phytochelatins generally 

ranges from 2 to 5 (though sometimes up to 
11). Phytochelatins play an important role in 
the detoxification of cadmium, and possibly 
also arsenic (Cobbett and Goldsbrough, 2002). 
Cadmium exposure was found to stimulate sul-
fate uptake by maize roots through enhanced 
expression of a high affinity sulfate transporter, 
as a result of the increased demand for sulfur 
in the biosynthesis of phytochelatins (Nocito 
et al., 2002, 2006). Although several other met-
als or metalloids (e.g., Cu, Hg, Ag, Zn and Ni) 
can also induce synthesis of phytochelatins, 
there is no direct evidence that phytochelatins 
are responsible for their detoxification (Cob-
bett and Goldsbrough, 2002). It is assumed that 
the cadmium-phytochelatin complex is trans-
ported into the vacuole in order to sequester 
the potentially toxic cadmium (Rauser, 1993, 
2000, 2001). Glutathione is also involved in the 
detoxification of xenobiotics (Schröder, 1998, 
2001; Gullner and Kömives, 2001). Different 
xenobiotics may induce distinct isoforms of the 
enzyme glutathione S-transferase, which cata-
lyzes their conjugation with glutathione. Under 
natural conditions, glutathione S-transferases 
are assumed to have significance in the detoxi-
fication of lipid hydroperoxides, in the conjuga-
tion of endogenous metabolites, hormones and 
DNA degradation products, and in the transport 
of flavonoids, but in agro-ecosystems they may 
have great significance in herbicide detoxifica-
tion and tolerance.

Sulfoquinovosyl diacylglycerol is the predom-
inant sulfolipid present in plants, and in leaves 
it accounts for up to 3–6% of the total sulfur 
content (Heinz, 1993; Benning, 1998; Harwood 
and Okanenko, 2003). It is a constituent of plas-
tid membranes and is likely to be involved in 
chloroplast (plastid) functioning. Sulfite is the 
likely sulfur precursor for the formation of the 
sulfoquinovose group of this lipid (Harwood and 
Okanenko, 2003). Despite quantitative and quali-
tative changes in sulfolipid content and its fatty 

acid composition upon exposure to stress and 
pests, its actual significance in adaptation needs 
further evaluation.

Some plant species contain secondary sulfur 
compounds, such as glucosinolates in Brassica 
(Schnug, 1990, 1993; Rosa, 1997; Graser et al., 
2001; Glawisching et al., 2003) and γ-glutamyl 
peptides and alliins (S-alk(en)yl cysteine sul-
foxides; Chapter 13) in Allium (Lancaster 
and Boland, 1990; Randle et al., 1993, 1995; 
Randle, 2000; Randle and Lancaster, 2002; 
Coolong and Randle, 2003a,b). Glucosinolates 
account for 1–6% of the total sulfur in the leaves 
of oilseed rape (Blake-Kalff et al., 1998). There 
are at least 120 glucosinolates identified in 16 
families of dicotyledonous plants, which vary 
in the side chains and are derived from 8 dif-
ferent amino acids (Fahey et al., 2001; Halkier 
and Gershenzon, 2006). Upon tissue disruption 
glucosinolates are enzymatically degraded by 
myrosinase and yield a variety of biologically 
active products such as isothiocyanates, thiocy-
anates, nitriles and oxazolidine-2-thiones (Rosa, 
1997, 1999; Kushad et al., 1999; Graser et al., 
2001; Petersen et al., 2002; Reichelt et al., 2002; 
Wittstock and Halkier, 2002). The glucosinolate-
myrosinase system is assumed to play a role in 
plant–herbivore and plant–pathogen interac-
tions. Furthermore, glucosinolates are responsi-
ble for the flavor properties of Brassicaceae and 
recently have been shown to have significance 
as phytopharmaceuticals in view of their poten-
tial anti-carcinogenic properties (Zhang et al., 
1992; Fahey et al., 1997, 2002; Kushad et al., 
1999; Graser et al., 2001; Petersen et al., 2002; 
Reichelt et al., 2002).

In Allium the content of γ-glutamyl peptides 
and alliins is strongly dependent on the stage 
of development of the plant, temperature, water 
availability and the level of nitrogen and sulfur 
nutrition (Lancaster et al., 1986, 2000; Lancas-
ter and Shaw, 1989, 1991; Randle et al., 1993, 
1995; Randle, 2000; Randle and Lancaster, 2002; 
Coolong and Randle, 2003a,b; Durenkamp and 
De Kok, 2002, 2003, 2004). Bloem et al. (2004) 
observed that in onion bulbs the content of iso-
alliin may account for up to 74% of the total 
sulfur content. γ-Glutamyl peptides may be syn-
thesized from cysteine (via γ-glutamylcysteine 
or glutathione) and can be metabolized into the 
corresponding alliins via oxidation and subsequent 
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hydrolyzation by γ-glutamyl transpeptidases, 
although other possible routes of their synthe-
sis cannot be excluded (Granroth, 1970; Lan-
caster and Boland, 1990; Edwards et al., 1994; 
Randle and Lancaster, 2002). The alliins and 
their breakdown products (e.g., allicin) are the 
flavor precursors for the odor and taste of the 
Allium species. A wide variety of volatile and 
non-volatile sulfur-containing compounds are 
released from the tissue by alliinase, an enzyme 
that is released from the vacuole upon disrup-
tion of the tissue (Lancaster and Collin, 1981; 
Block, 1992). The physiological functions of 
γ-glutamyl peptides and alliins are still largely 
unresolved, but may have significance in chemi-
cal defense against insects and pathogens and in 
the storage of nitrogen and sulfur (Lancaster and 
Boland, 1990, 1991; Schnug, 1993; Lancaster 
and Shaw, 1991; Randle and Lancaster, 2002). 
Furthermore, these compounds may have poten-
tial value as phytopharmaceuticals (Haq and 
Ali, 2003).

Several other sulfur metabolites may play 
a role in the resistance of plants against stress 
and pests, e.g., phytoalexins, sulfur-rich pro-
teins (thionins) and localized cellular deposi-
tion of elemental sulfur (Cooper and Williams, 
2004; Hell and Kruse, 2007) and even the pos-
sible release of volatile sulfur compounds as 
H

2
S (Schnug, 1997; Städler, 2000; Glawisching 

et al., 2003; Haneklaus et al., 2003; Haq and 
Ali, 2003; Hell and Kruse, 2007; Tausz, 2007). 
However, their significance in “sulfur-induced-
resistance” is not yet fully understood and 
needs further to be assessed (Schnug, 1997; 
Haneklaus et al., 2003). For instance, plants 
grown under normal sulfur conditions may emit 
minute amounts of H

2
S, which may be formed 

prior to or after the synthesis of cysteine, in the 
latter case by cysteine desulfhydrase (Schröder, 
1993; Haneklaus et al., 2003; Riemenschneider 
et al., 2005). However, the rate H

2
S release 

is a negligible proportion of the total sulfur 
flux in plants (Stulen and De Kok, 1993). The 
H

2
S emission may be strongly enhanced when 

plants are previously exposed to high levels of 
atmospheric sulfur gases (Rennenberg, 1984; 
Schröder, 1993; Haneklaus et al., 2003; Tausz, 
2007). However, its physiological significance 
under natural conditions appears be unclear 
(Ernst, 1990).

IV. Plant Sulfur Requirement and 
Nutrition in Agro- and Natural Ecosystems

Sulfur requirement varies greatly among agricul-
tural crops. Brassica crops have a high demand 
for S (1.5–2.2 kmol ha−1), followed by Allium 
crops such as leek and onion (1–1.2 kmol ha−1), 
whereas cereals and legume crops require rela-
tively small quantities of S (0.3–0.6 kmol ha−1) 
(Zhao et al., 2002). The high requirements of 
Brassica and Allium crops are partly due to the 
synthesis of S-containing secondary metabolites, 
glucosinolates in Brassicas and S-alk(en)yl-L-
cysteine sulfoxide in Allium crops. In addition, the 
high sulfur requirement of Brassicas may also be 
attributed to a large accumulation in the vegeta-
tive tissue of sulfate, which is remobilized slowly 
in response to sulfur deficiency (Blake-Kalff et 
al., 1998). Sulfur requirement is also dependent 
on crop yield; a high yielding crop requires more 
nutrients including S.

Sulfur deficiency occurs when sulfur sup-
ply from the environment does not match the 
requirement by the crop. Incidences of sulfur 
deficiency in agricultural crops or grassland have 
been reported in different regions of the world 
(Pasricha and Fox, 1993; Dobermann et al., 
1998; Blair, 2002; Zhao et al., 2002; Edmeades 
et al., 2005; Malhi et al., 2005). Brassica crops 
and multiple-cut grass are generally more prone 
to sulfur deficiency than other crops, because 
of their high requirements for sulfur. In West-
ern Europe, sulfur deficiency has become more 
common in recent decades mainly because of a 
dramatic reduction in the sulfur inputs from the 
atmosphere (McGrath et al., 2002). For example, 
in many areas in the United Kingdom, atmos-
pheric sulfur deposition decreased from 70 kg ha−1 
year−1 in the 1970s to less than 10 kg ha−1 year−1 
in the early 2000s. Other contributing factors 
include the use of sulfur-free compound fertiliz-
ers and the increasing trend of crop yield. Sulfur 
deficiency usually occurs as a result of a nutrient 
imbalance, particularly with regard to nitrogen, 
and one of the common indicators that are used 
to diagnose sulfur deficiency is the nitrogen to 
sulfur ratio (Dijkshoorn and van Wijk, 1967). A 
nitrogen to sulfur ratio of greater than 17:1 (molar 
ratio 39:1) in wheat grain generally indicates that 
the crop had been supplied with inadequate sulfur 
(Randall et al., 1981). In leaf tissues, the critical 
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value of the ratio is approximately 15:1 (molar 
ratio 34:1) for cereals and 6–10:1 (molar ratio 
14–23:1) for oilseed rape (Spencer and Freney, 
1980; McGrath and Zhao, 1996; Blake-Kalff 
et al., 2000; Blake-Kalff et al., 2002). Recently, 
Blake-Kalff et al. (2000) proposed the use of the 
malate to sulfate ratio in leaf tissues as a relia-
ble diagnostic method for crops such as cereals 
and oilseed rape. A sulfur-deficient crop utilizes 
nitrogen inefficiently, which subsequently leads 
to increased nitrogen losses to the environment. 
For example, Brown et al. (2000) showed that 
the application of sulfur reduced nitrate leach-
ing to drainage water by 5–72% at a sulfur-defi-
cient grassland site. Therefore, correcting sulfur 
deficiency in agricultural crops not only benefits 
yield but also the environment.

Sulfur deficiency can be easily corrected by 
the application of sulfur fertilizers. Sulfur fertiliz-
ers are available in a number of chemical forms; 
the most common are sulfate and elemental sul-
fur. The sulfate form is readily available to plant 
uptake, but sulfate is very mobile in near neutral 
and alkaline soils and is thus prone to leaching 
losses when rainfall exceeds evatranspiration. 
In contrast, elemental sulfur is not available to 
plant uptake until it is oxidized to sulfate. Oxi-
dation of elemental sulfur is mediated by both 
autotrophic chemolithotrophs, including some 
species of Thiobacillus, and a wide range of het-
erotrophic bacteria and fungi in soil (Lawrence 
and Germida, 1991; Germida and Janzen, 1993). 
The oxidation is affected by: (a) presence of 
microorganisms capable of oxidation of elemen-
tal sulfur, (b) effective surface area of the elemen-
tal sulfur particles, (c) soil temperature, (d) soil 
water potential and (e) soil aeration (Janzen and 
Bettany, 1987; McCaskill and Blair, 1987; 
Watkinson and Blair, 1993; Watkinson and Lee, 
1994; Haneklaus et al., 2007a). For annual agri-
cultural crops, sulfate fertilizers are generally a 
better option than elemental sulfur because the 
rate of oxidation of elemental sulfur may not 
match crop demand (Riley et al., 2000; Zhao et 
al., 2002; Malhi et al., 2005). On the other hand, 
elemental sulfur is suitable as a maintenance fer-
tilizer for pasture (Blair, 2002).

The sulfur supply to plants in natural ecosys-
tems originates from weathering of rocks, min-
eralization of organic sulfur and ground or runoff 
water (Edwards, 1998; Haneklaus et al., 2003). 

Atmospheric sulfur inputs may contribute sub-
stantially to the sulfur influx in natural ecosystems, 
where the total of dry and wet sulfur deposition 
may range from 0.06 to 1 kmol ha−1 year−1, though 
locally in heavily polluted areas these values can 
be much higher (Johnson, 1984; Cappellato et al., 
1998; Edwards, 1998; Haneklaus et al., 2003). 
It is generally assumed that, in contrast to agro- 
ecosystems, plants in natural ecosystems have an 
adequate sulfur supply (Ernst, 1990, 1993, 1997; 
Haneklaus et al., 2003). For example, in lowland 
and wetland ecosystems, the sulfate concentra-
tions in ground or runoff water and the sulfur 
content in the soils and sediments burials are pre-
sumed to be sufficient for natural plant growth 
(Haneklaus et al., 2003). The sulfur uptake neces-
sary for tree growth ranges from 0.1 to 0.2 kmol 
ha−1 year−1, whereas the total sulfur content of 
mineral soils in upland ecosystems ranges from 
10 to 100 kmol ha−1 (and forest floors 0.6 to 
1.8 kmol ha−1) (Haneklaus et al., 2003). However, 
most of the soil total sulfur might not be avail-
able for plant uptake (Edwards, 1998). Soil solu-
ble sulfate-S in forest soils ranges from 0.15 kmol 
ha−1 at a conifer site remote from pollutant inputs 
(Pseudotsuga menziesii plantation in southeastern 
Australia) to more than 50 kmol ha−1 at a decidu-
ous forest site with high sulfur pollution input 
(Quercus prinus in TN, USA; Johnson, 1984). 
Because sulfur requirements of forest stands are 
low, sulfur deficiencies in forests have only been 
reported from areas remote from pollutant inputs, 
e.g., from southeastern Australia and northwest-
ern United States (Johnson, 1984). Atmospheric 
sulfur inputs as low as 0.03 kmol ha−1 year−1 may 
be sufficient to sustain growth of a Pinus radiata 
stand in Australia (Johnson, 1984). Although a 
recent large scale survey suggested that the effect 
of atmospheric sulfur deposition is still measur-
able at many forest sites across Europe (Augus-
tin et al., 2005), decreasing atmospheric sulfur 
inputs in conjunction with increasing nitrogen 
deposition may lead to an increased probability 
of sulfur limitation of forest ecosystems in the 
future (Johnson and Mitchell, 1998). It has to be 
pointed out that the cited forest studies dealt with 
overall ecosystem budgets and not with specific 
tree physiological measurements. Instantaneous 
sulfur requirements of forest stands may devi-
ate significantly from annual averages, e.g., dur-
ing development of new foliage or when storage 
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proteins are laid down. Physiological studies indi-
cated such changes and showed contributions of 
internal redistribution (see above), but currently 
do not allow quantification on whole tree or 
stand basis (Rennenberg and Herschbach, 1995). 
Adsorption/desorption properties of sulfate in 
forest soils lend themselves to causing temporary 
limitations in available sulfate during periods of 
increased requirements (Johnson and Mitchell, 
1998). Hence, the instantaneous requirements of 
forest trees in relation to their growth stage war-
rant further interest.

In some natural ecosystems plants have to 
cope with excessive sulfur in oxidized (sulfate) 
or reduced form (sulfite, sulfide), which may be 
available to the plant via (i) the pedosphere from 
sulfur-emitting fumeroles, gypsum-rich soils and 
waterlogging, (ii) the hydrosphere from salinity 
and (iii) the atmosphere from dry and wet deposi-
tion of atmospheric sulfur. Excessive sulfur may 
negatively affect plant growth, for instance as the 
consequences of sulfate salinity. However, plants 
may be adapted and are able to cope with exces-
sive sulfur by accumulating it as sulfate in the 
vacuole (so-called thiophores), or by its elimina-
tion (avoidance of sulfur accumulation) by secre-
tion from the shoot via salt glands in halophytes 
or emission of sulfur gases as H

2
S and dimethyl 

sulfide (DMS; Ernst, 1990, 1993, 1997; Stefels, 
2000, 2007). The latter emission is highly signifi-
cant in some plant species from marine ecosys-
tems, e.g., Spartina, which may accumulate high 
levels of dimethylsulfoniopropionate (DMSP) in 
leaves upon exposure to excessive sulfur. DMSP 
may be enzymatically degraded to yield DMS 
emission by the shoot (Ernst, 1990, 1993, 1997; 
Hanson and Gage, 1996; Stefels, 2000, 2007). 
Specific species (e.g., Allium and Brassica) may 
emit a variety of other organic sulfur gases includ-
ing DMS, which are likely degradation products 
of secondary sulfur compounds (Lanzotti, 2006).

Permanent or temporary potentially phyto-
toxic levels of dissolved H

2
S in the rhizosphere 

may occur in marshes and tideland wetlands, 
and in poorly drained and waterlogged soils, 
e.g., rice paddies (Trudinger, 1986; Van Digge-
len et al., 1987; Bates et al., 1992; Armstrong et 
al., 1996; Armstrong and Armstrong, 2005). In 
these anoxic soils, H

2
S is produced from bio-

logical decay of organic sulfur and the activity 
of dissimilatory sulfate-reducing bacteria and 

is accumulated under anoxic conditions. Levels 
from 0.02 to 1.4 mM sulfide may occur in the soil 
solution around the root zone (Allam and Hollis, 
1972; Carlson and Forrest, 1982; Van Diggelen 
et al., 1987). Levels as low as 0.002 mM sulfide 
may negatively affect root respiration and nutri-
ent uptake (Allam and Hollis, 1972; Joshi et al., 
1973, 1975). Sulfide levels higher than 0.08 mM 
may reduce root growth and development or result 
in root and bud death, lignification and blockages 
within the root arenchyma and vascular tissue 
(Ford 1973; Armstrong et al.,1996; Armstrong 
and Armstrong, 2005). The tolerance to high H

2
S 

levels under anoxia is most likely determined 
by the in situ sulfide level in the roots, which is 
dependent on the rate of oxidation of sulfide in 
the rhizosphere by bacteria such as Beggiotoa or 
in the plant, and by the sulfide resistance of meta-
bolic processes in the plant species (Joshi et al., 
1973, 1975; Joshi and Hollis, 1977; Carlson and 
Forrest, 1982; Fry et al., 1982; Van Diggelen et 
al., 1987; Armstrong et al., 1996; Armstrong and 
Armstrong, 2005). Despite the toxicity of sulfide, 
there is evidence on basis of the 34S/32S ratio in 
plant tissue that some species from saline habitats 
are able to use the abundant sulfide upon anoxia 
directly or indirectly as sulfur source (Raven and 
Scrimgeour, 1997).

V. Sulfur and Food Quality

Quality requirements of agricultural products 
vary widely and are determined mainly by the 
end use of the product. The sulfur nutrition of a 
crop often has strong and diverse influences on 
the quality of the produce, because of its essential 
role in the synthesis of amino acids, proteins and 
some secondary metabolites.

Legume seeds are important sources of pro-
tein for humans and animals. However, their 
nutritional value is limited by the low contents 
of the essential amino acid methionine (Fried-
man, 1996). Different storage proteins of legume 
seeds vary considerably in their contents of the 
S-containing amino acids. For example, the pea 
storage proteins vicilin and lectin contain no 
cysteine and methionine, whereas legumin con-
tains 1.7% S-containing amino acids (Spencer 
et al., 1990). Soybean seed has two major storage 
proteins, glycinin and β-conglycinin. Glycinin is 
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rich in S-containing amino acids (1.8%), whereas 
β-conglycinin is poor in these amino acids (0.6%) 
(Shortwell and Larkins, 1989). In general, sulfur 
deficiency decreases the synthesis of S-rich stor-
age proteins, but increases the synthesis of S-poor 
proteins concomitantly (Blagrove et al., 1976; 
Gayler and Sykes, 1985; Spencer et al., 1990; 
Naito et al., 1995). As a result, sulfur deficiency 
in legume crops reduces the nutritive value of 
the seeds (Eppendorfer, 1971; Eppendorfer and 
Eggum, 1995).

The disulfide and thiol groups of gluten pro-
teins are essential for viscoelasticity of the wheat 
dough during breadmaking (Shewry and Tatham, 
1997; Zhao et al., 1999b,c). Studies in Australia 
established that sulfur nutrition plays an impor-
tant role in the breadmaking quality of wheat 
(Moss et al., 1981, 1983; Wrigley et al., 1984; 
MacRitchie and Gupta, 1993). These studies 
showed that sulfur increased synthesis of S-rich 
storage proteins, such as the α-, β-, and γ-gliadins 
and the low-molecular-weight glutenin subunits, 
and decreased the proportion of S-poor proteins, 
such as the ω-gliadins and the high-molecular-
weight glutenin subunits. Furthermore, the con-
centration of sulfur in flour correlated positively 
with dough extensibility, but negatively with 
resistance to stretching. Similarly, several studies 
in Europe showed that the S status of wheat has 
a profound effect on the composition of gluten 
proteins, the rheological properties of dough and 
breadmaking performance (Schnug et al., 1993; 
Zhao et al., 1999a,b,c; Wieser et al., 2004; Flaete 
et al., 2005). In general, increasing S concentra-
tion in wheat grain is associated with increasing 
dough extensibility and increased loaf volume of 
bread. It is clear that maintaining an adequate sul-
fur status for wheat is important for breadmaking 
quality.

Sulfur deficiency has been found to result in a 
large accumulation of asparagine in cereal leaves 
and grain (Shewry et al., 1983; Zhao et al., 1996). 
A recent study has shown a startling increase in 
the levels of free asparagine in the grain of wheat 
grown under sulfur deficiency and the forma-
tion of high levels of acrylamide during heat-
ing of flour derived from sulfur-deficient grain 
(Muttucumaru et al., 2006). The level of acry-
lamide produced from the sulfur-deficient flour 
was approximately 5–10-fold higher than that 
from the sulfur-sufficient flour. The presence of 

acrylamide in a range of fried and oven-cooked 
foods has caused worldwide concern because 
this compound has been classified as probably 
carcinogenic in humans; acrylamide also has 
neurological and reproductive effects (Friedman, 
2003). Acrylamide found in cooked foods is 
formed during heat treatment of food components 
as a result of the Maillard reaction between amino 
acids, particularly asparagines, and reducing sug-
ars (Mottram et al., 2002; Stadler et al., 2002). 
This explains why sulfur deficiency has such a 
marked effect on acrylamide formation in heat-
treated wheat flour, and highlights the importance 
of sulfur nutrition in terms of food safety.

Sulfur deficiency can also affect the quality of 
sugar beet storage roots. Using a hydroponic sys-
tem to grow sugar beet, Bell et al. (1995) showed 
that withholding sulfur supply for two months 
increased the concentration of α-amino-N in the 
beet roots more than 2-fold. The increased con-
centration of amino acids in roots reduces juice 
purity, and therefore the extraction yield of white 
sugar.

Malting quality of barley and brewhouse per-
formance are assessed in terms of ease of process-
ing and flavor characteristics (Palmer, 1989). 
During malting of barley grain, large molecular 
weight components of the endosperm cell walls, 
the storage proteins and starch granules are hydro-
lyzed (modified) enzymatically, rendering them 
more soluble in hot water during mashing. Vari-
ability in malting quality is due to factors such as 
the rate of enzyme synthesis during germination, 
the composition of the endosperm, and the pack-
ing of starch granules (Palmer, 1989). A recent 
study by Zhao et al. (2006) showed that sulfur 
applications significantly increased the activities 
of hydrolytic enzymes and improved endosperm 
modification during malting. As a result, the con-
centration of β-glucan in the wort was decreased, 
which is beneficial for the filtration of wort. Fur-
thermore, sulfur applications also increased the 
concentration of S-methylmethionine (the pre-
cursor of the flavor compound dimethylsulfide) 
in kilned malt, which is expected to impact on 
beer flavor.

The presence of high levels of glucosinolates 
in rapeseed can restrict its use in animal feed. 
One of the predominant glucosinolates in rape-
seed is 2-hydroxy-3-butenyl glucosinolate 
(progoitrin), which forms oxazolidine-2-thione 
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upon hydrolysis. This hydrolytic product has 
goitrogenic and anti-nutritional effects in animals 
(Fenwick et al., 1983; Griffiths et al., 1998). The 
glucosinolate content in rapeseed has been much 
decreased by breeding of the double-low (low 
erucic acid and low glucosinolates) varieties. 
However, even in these varieties glucosinolates 
can account for up to 30% of the total sulfur in the 
seeds. Sulfur supply is one of the most important 
environmental factors that influence the synthe-
sis and accumulation of glucosinolates in seeds 
(Schnug, 1990; Zhao et al., 1993). In general, 
use of sulfur fertilizer to oilseed rape at a normal 
recommended rate is unlikely to increase the glu-
cosinolate concentration to an unacceptable level, 
but applying more S than required by the oilseed 
rape crop must be avoided (Zhao et al., 2002). 
In contrast to the undesirable effects of hydroxy-
alkenyl glucosinolates mentioned above, certain 
glucosinolates have been identified as possible 
cancer prevention agents in model animals and 
might have significance as phytopharmaceuticals. 
In particular, sulforaphane, the isothiocyanate 
produced from the hydrolysis of 4-methylsulfi-
nylbutyl glucosinolate, which is present in broc-
coli, has been found to induce anticarcinogenic 
protective enzymes (phase II enzymes) (Zhang 
et al., 1992; Fahey et al., 1997; Fahey et al., 2001). 
Sulforaphane reduced the incidence, delayed the 
appearance of, and reduced the size of tumors 
in a rat mammary tumor model (Fahey et al., 
1997), and showed potential for treating Helico-
bacter pylori-caused gastritis and stomach cancer 
(Fahey et al., 2002). Therefore, sulfur nutrition 
could play a role in enhancing the health promot-
ing properties of Brassica vegetables.

The nutritional quality of sulfur deficient 
grass silage is poor. For animal feeding, a N:S 
ratio below 15:1 is considered satisfactory (Mur-
phy and O’Donnell, 1989). Applications of sul-
fur fertilizer increased the proportion of total N 
in grass present as protein-N, and decreased the 
contents of nitrate and free amino N (Murphy and 
O’Donnell, 1989; Richards, 1990; Murphy and 
Quirke, 1997; Murphy et al., 2002). These effects 
are beneficial to animal nutrition. Sheep are more 
sensitive to S deficiency than cattle because of 
the special requirements for wool production. 
Early studies showed that sheep performance was 
improved by sulfur fertilization of forage (Rendig 
and Weir, 1957). Too much sulfur in grass may 

have an adverse effect on animal health. Sul-
fur may induce copper deficiency in cattle, by 
forming thiomolybdate compounds in the rumen 
which bind copper and make it unavailable to the 
animal (Leach and Thornton, 1987). This appears 
to occur when the copper status of the animal diet 
is marginal and the concentrations of molybde-
num and sulfur are high. The critical concentra-
tions of Mo and S in herbage that can cause an 
antagonism on Cu metabolism are >3 mg kg−1 and 
>0.3–0.4% on a dry matter basis, respectively. The 
other antagonistic effect of sulfur is to decrease 
selenium uptake by plants (White et al., 2007). 
Selenate is a chemical analogue of sulfate and is 
taken up by the plant root via sulfate transporters. 
Sulfur fertilization decreased herbage Se concen-
tration, which subsequently resulted in a signifi-
cantly lower blood Se level in the cattle grazing 
the S-treated pasture (Murphy and Quirke, 1997). 
Selenium supplementation can be practiced by 
addition to animal feeds or by the inclusion of 
selenium in fertilizers (White et al., 2007).
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Summary

The removal of the malodorous, corrosive and toxic compound, sulfide, from liquid waste streams is an 
on-going problem faced by many municipalities and industrial plants. Several systems for the treatment 
of such waste using phototrophic bacteria have been proposed, and the majority of these reactors rely 
on green sulfur bacteria as the biological agent. This chapter sets out several criteria for the selection of 
suitable phototrophic bacteria for use in a biological sulfide removal (BSR) process. It also discusses 
issues such as the supply of light to these systems and the efficiency with which different phototrophic 
bacteria use the supplied light for sulfide removal in the context of the different existing BSR reactors. 
Directions for the future development of phototrophic BSR processes are given.

I. Introduction

The element sulfur (S) is a minor component of 
most wastewaters, and may be present there in 
forms such as inorganic sulfides, various sulfoxy 
anions, and organic-S compounds. In domes-
tic sewage the concentration of S lies typically 
between 0.3 and 1.5 mM (10–50 mg l−1), which 
is less than the usual concentrations of C and N. 
Nevertheless, if sulfur is present in the form of dis-
solved inorganic sulfide (an equilibrium mixture 
of H

2
S, HS− and S2−) it can be problematic even 

at concentrations of just 0.01 mM (0.3 mg l−1), for 
wastewater containing dissolved inorganic sulfide 
tends to liberate the colorless gas H

2
S, which is 

potentially malodorous, toxic, and corrosive. The 
human sense of smell detects H

2
S at a very low 

concentration, between approximately 0.1 and 1 
ppb (v/v) (Bardsley, 2002). As regards the impact 
of H

2
S on human health, the relevant occupational 

exposure standards in the UK have recently been 
revised to 5 ppm (8 h time-weighted average) and 
10 ppm (short-term exposure limit) (Costigan, 
2003). Humans breathing air containing H

2
S in 

concentrations above approximately 500 ppm (v/
v) for more than a few hours are likely to perish 
(Costigan, 2003). The fact that H

2
S no longer trig-

gers an olfactory response from most people if at 
concentrations greater than about 100 ppm makes 
H

2
S an insidious poison and a real danger to any-

body working in confined spaces through which a 
sulfidic wastewater stream passes – such as sew-
ers or parts of a wastewater treatment plant. The 
corrosiveness of H

2
S has two origins: H

2
S is a 

weak acid, so H
2
S-containing humid atmospheres 

are at least mildly acidic and corrosive to some 
metals, e.g., copper. The corrosiveness of such 
atmospheres is greatly exacerbated in the pres-
ence of microbial communities that oxidize the 
H

2
S to the strong acid, H

2
SO

4
, which is corrosive 

to many metals and to cement (H
2
S Technologi-

cal Standing Committee, 1989). All these facets 
of the H

2
S problem may be in evidence in those 

parts of an urban sewerage system where air and 
sulfide-containing sewage come into contact.

The sources of sulfide present in sewage are 
generally understood to be (1) sulfides used in cer-
tain industries (e.g., leather tanning), (2) sulfides 
present in the feedstocks of certain industries 
(petroleum refining), (3) sulfides formed during 
the anaerobic treatment of industrial waste before 
its discharge to the sewer, and (4) sulfides formed 
by microbially mediated sulfate reduction in 
anaerobic parts of the sewer (H

2
S Technological 

Standing Committee, 1989).
The first aim of any sound strategy for address-

ing problems caused by H
2
S in the sewerage sys-

tem must be to place reasonable restrictions on 
the additions of sulfide, sulfate and biologically 
degradable organic material to the sewerage sys-
tem. Wherever that measure does not sufficiently 
alleviate the H

2
S problems, other measures are 

Abbreviations: BChl – bacteriochlorophyll; BSR – biological 

sulfide removal; C – concentration of sulfide; C
in
 – concen-

tration of sulfide in the reactor influent;  C
out

 – concentration 

of sulfide in the reactor effluent; d – day; GSB – green sulfur 

bacteria; i.d. – internal diameter; PNSB – purple non-sulfur 

bacteria; PSB – purple sulfur bacteria; Q – volumetric flow 

rate of wastewater; R
V
 – volumetric rate of sulfide removal; 

R
M

 – amount of sulfide removed per unit time; V – volume 

of the reactor; VFA – volatile fatty acid; µ – cell-specific 

growth rate; Ω – amount of sulfide removed per unit of sup-

plied radiant energy (or sulfide removal rate per unit of sup-

plied radiant power)
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required. One such measure is to reduce the con-
centration of H

2
S dissolved in the sewage. Many 

techniques for this are applied routinely through-
out the world, and commonly involve adding a 
chemical to the sewage so as to achieve one of 
the following ends: to precipitate the dissolved 
sulfide as insoluble non-odorous sulfide (e.g., 
with FeCl

2
 or FeCl

3
); to buffer the sewage at a 

mildly alkaline pH and thereby maintain most of 
the dissolved sulfide as the non-volatile HS− (e.g., 
with Mg(OH)

2
); to kill the sulfidogenic bacteria 

(e.g., with NaOCl or NaOH); to inhibit microbial 
sulfate reduction by raising the redox potential of 
the sewage (e.g., with Ca(NO

3
)

2
); and to oxidize 

sulfide and to delay the onset of anaerobic condi-
tions (e.g., with oxygen). The amount of chemi-
cal consumed being proportional to the chemical 
dosage and the volumetric flow rate of the sewage, 
chemical dosing can be a very expensive solution 
to sulfide problems in the larger sewers. There, 
the cheapest solution may be to ventilate the 
sewer, and to discharge this ventilation air from a 
tall vent, possibly after treatment to remove most 
of the H

2
S and other odorous compounds.

From the foregoing it will be apparent that 
for countering sulfide-related problems in sew-
ers, there are roles for technologies that remove 
sulfide or sulfate from wastewaters before dis-
charge to the sewer, for technologies that act to 
reduce the levels of H

2
S dissolved in the sewage 

flowing along the sewers, and for technologies 
that remove sulfide and other odorous compounds 
from air extracted from the sewer. Physico-chemi-
cal solutions to sulfide problems in the sewers are 
currently popular (see above), but are not without 
drawbacks. Solutions based on biological sulfide 
removal (BSR) have been proposed, researched 
and, in some cases, commercialized, particularly 
for removing sulfide from air. These systems rely 
on aerobic or microaerophilic sulfide-oxidizing 
chemotrophs. The potential for using anoxygenic 
photosynthetic bacteria to achieve the same, either 
in gas or wastewater, has also been recognized. 
This is referred to as phototrophic BSR. In this 
chapter we review the status of systems that by 
design use anoxygenic photosynthetic bacteria to 
remove sulfide from wastewater. To this end we 
consider the likely suitability of the various types 
of anoxygenic phototrophs, report on the progress 
made towards the development of a practical sys-
tem, examine attempts to model the processes 

conceptually, and present our views on ways in 
which research can be advanced. Systems con-
ceived for treating gas streams to remove sulfide 
are referred to in passing but are not considered 
to be within the scope of this review.

II. Suitable Bacterial Species

For identifying the sorts of anoxygenic photo-
synthetic microorganisms that would form a suit-
able basis for a biological sulfide removal (BSR) 
process, the following matters are believed to be 
particularly pertinent: (1) an ability to carry out a 
dissimilatory oxidation of sulfide; (2) the influ-
ence of light availability on the rate of sulfide 
oxidation; (3) the quantum requirement for 
sulfide oxidation; (4) the products of sulfide oxi-
dation; (5) the effect of sulfide concentration on 
the rate of sulfide oxidation; and (6) the influence 
of the presence of volatile fatty acids on the rate 
of sulfide oxidation.

The factors listed above shall be discussed in 
the following paragraphs, and by way of conclu-
sion, the best of the known types of phototroph 
on which to base a sulfide removal process will 
be identified. In order to appreciate the practical 
significance of some of those six factors listed 
above, a familiarity with the concepts that affect 
the size of a reactor is advantageous. It is to these 
concepts that we firstly and briefly turn.

A. Important Practical Preliminaries

The whole-of-life cost of a phototrophic BSR 
process is overwhelmingly determined by the vol-
ume of the reactor, the size of the radiant energy 
supply system, and the cost of generating the light 
artificially, if it is so generated. The factors that 
influence these should therefore be understood. 
In this chapter the terms radiant energy, light and 
optical energy shall be used interchangeably and 
should be understood as referring to electromag-
netic radiation that can support photosynthesis.

1. Reactor Size and the Volumetric Rate 
of Sulfide Removal

The size of a reactor for removing sulfide from 
wastewater depends on the following four factors 
(Levenspiel, 1972): the flow rate of wastewater 
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to be treated, the concentration of sulfide in the 
wastewater to be treated, the proportion of sulfide 
that must be removed during the treatment, and 
a quantity called the volumetric rate of sulfide 
removal, R

V
, which is defined below. Once the 

first three of these factors are fixed – and they are 
usually fixed by circumstances – the reactor size 
depends essentially on R

V
: the larger this rate is, 

the smaller (and cheaper) the reactor can be. R
V
 is 

defined by Eq. 1:

 R 
V
 = R 

M  
÷ V (1)

where R
M

 is the amount of sulfide removed from 
the wastewater per unit time, and V is the volume 
of the reactor. R

M
 is given by:

 R
M

 = Q × (C
in
 − C

out
) (2)

where Q is the volumetric flow rate of waste-
water, C

in
 is the concentration of sulfide in the 

reactor influent, and C
out

 is the concentration of 
sulfide in the reactor effluent.

Eq. 1 and Eq. 2 can be contained to give:

 R
v
 = Q × (C

in
 − C

out
) ÷ V (3)

The concept that is volumetric rate of sulfide 
removal (R

v
) is evidently important, but it is not an 

intuitively obvious one. R
v
 can, however, be related 

to concepts familiar to most readers, and when that 
relation is made apparent, it will be readily appre-
ciated how R

v
 can be manipulated. To this end we 

will consider the case of a hypothetical BSR reac-
tor whose contents are completely mixed, and in 
which light availability is everywhere the same. In 
this restricted case all cells are exposed to the same 
environment, and evenly distributed throughout 
the reactor; and R

v
 can be interpreted as the prod-

uct of two terms: the amount of sulfide each cell 
removes from the wastewater per unit time, and 
the number of cells per unit volume of reactor. The 
first of these two terms is the cell-specific rate of 
sulfide removal, and the second is simply the cell 
concentration. Hence:

 R
v
 = cell-specific rate of sulfide 

 removal × cell concentration (4)

One can at once appreciate from Eq. 4 that R
v
 

may be increased by increasing one of these fac-
tors while holding the other steady, or by increas-
ing both the cell-specific rate of sulfide removal 
and the average cell concentration. As will be 
explained in greater detail below, anoxygenic 

photosynthetic bacteria remove sulfide in order to 
support their growth, and, consequently, the cell-
specific rates of sulfide removal and cell growth 
are coupled, all other things being equal.

If the restriction concerning light availability 
were lifted so as to allow for the spatial variation 
of light availability that does occur in photobio-
reactors, the cells within the hypothetical reactor 
would no longer necessarily be exposed to the one 
and the same environment, and it may be antici-
pated that the cell-specific rates of growth and 
sulfide removal might also vary spatially within 
the reactor. In order to continue expressing R

v
 as 

the product of cell concentration and cell-specific 
rate of sulfide removal (Eq. 4), it would be more 
rigorous to regard the latter as a whole-reactor-
average cell-specific rate of sulfide removal. If 
the restriction regarding the spatial distribution 
of cells were also abolished, so as to allow, for 
example, for most of the cells within the reactor 
to be concentrated in biofilms, then for R

v
 to be 

expressed as the product of cell concentration and 
cell-specific rate of sulfide removal, it would be 
more accurate to regard both of these terms as 
being akin to whole-reactor-averages.

The potential maximum cell-specific rate of 
sulfide removal is very much a characteristic of 
the species, the environmental conditions then 
determining how much of the potential rate is 
achieved on average throughout the whole reac-
tor. The whole-of-reactor average cell concentra-
tion is not really dependent on the species, but 
instead is essentially dependent on the design 
of the reactor and on the way it is operated. We 
shall have more to say about these concepts when 
reviewing the different reactor designs.

2. Radiant Power and the Average Radiant 
Power Requirement

The radiant power (i.e., the amount of radiant 
energy per unit time) that the phototrophic BSR 
reactor requires is a key factor determining the 
physical size of the radiant energy supply sys-
tem, as well as the amount of electrical power 
needed to generate the radiant energy artificially. 
The radiant power requirement depends on many 
factors, and perhaps the most influential of these 
is the amount of sulfide that has to be removed 
per unit time – the mass (or molar) rate of sulfide 
removal (R

M
). A reactor sized to remove 1 t of 
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sulfide per day is going to have, all other things 
being equal, a much higher radiant power require-
ment than one sized to remove 1 kg of sulfide per 
day. We have developed a line of argument, which 
for brevity’s sake will not be elaborated here, that 
suggests that the amount of sulfide removed per 
unit time is an appropriate basis on which to scale 
the radiant power requirement. Whether one 
expresses the scaled radiant power requirement 
as the sulfide removal rate per unit of supplied 
radiant power (which is the same thing as the 
amount of sulfide removed per unit of supplied 
radiant energy) or as the radiant power per unit 
rate of sulfide removal (which is the same thing 
as the amount of radiant energy supplied per unit 
of sulfide removed) is a matter of personal prefer-
ence; as is the choice of units in which amounts 
of sulfide removed and radiant energy supplied 
are expressed. The quantity we have chosen to 
work with is the mass of sulfide removed per unit 
of supplied radiant energy, a quantity to be repre-
sented by the symbol Ω and which we choose for 
convenience to express in units of g W−1 d−1. The 
value of Ω may be obtained from Eq. 5.

Ω = mass of sulfide removed by the 
 reactor per unit time ÷ radiant power  (5)

supplied to the reactor

The larger the value of Ω is, the less radiant 
energy is consumed per unit of sulfide removed.

B. Characteristics of Phototrophic Bacteria 
Relevant for Phototrophic BSR

1. Ability to Carry Out a Dissimilatory Oxidation 
of Sulfide

The first of the desirable characteristics to be 
considered is the most obvious one, the ability to 
remove sulfide from the cells’ surrounds. In this 
regard there are considerable differences amongst 
the types of anoxygenic phototrophs. First of all, 
some cannot take up sulfide from their environ-
ment. Those that can remove sulfide may do so 
for one or both of the following reasons: to obtain 
sulfur for biosynthesis (assimilatory demand) 
or to obtain reducing equivalents for biosynthe-
sis (dissimilatory oxidation). Not all species can 
do the former. The purple sulfur bacteria (PSB), 
almost all green sulfur bacteria (GSB), some 
purple non-sulfur bacteria (PNSB), e.g., Rho-

dobacter capsulatus, and some of the members 
of the Chloroflexaceae are capable of the latter, 
as reportedly are some cyanobacterial strains 
in sulfidic environments (Cohen and Gurevitz, 
1992; Pfennig and Trüper, 1992; Trüper and 
Pfennig, 1992; Imhoff, 1999; Overmann, 2000; 
Imhoff, 2001a, b; Hanada and Pierson, 2002, see 
also Chapters 14, 15, and 17 in this volume). In 
some species, e.g., almost all GSB, sulfide may 
serve in both capacities. Some strains of heliobac-
teria also possess an ability to oxidize sulfide by 
dissimilation while they grow photoheterotrophi-
cally (Bryantseva et al., 2000; Madigan, 2001).

The global relation that describes anoxygenic 
photosynthesis supported by dissimilatory oxida-
tion of sulfide can be represented by the following 
equations in which the <CH

2
O> is an approxima-

tion for synthesized cell material (van Gemerden 
and Mas, 1995).

 2H
2
S + CO

2
 → 2S + <CH

2
O> + H

2
O (6)

 H
2
S + 2CO

2
 + 2H

2
O → H

2
SO

4
 + 2 < CH

2
O > (7)

These equations imply that per gram of C fixed, 
between 1.33 and 5.33 g of sulfide-S will be 
removed by dissimilatory oxidation. (Marginally 
larger values are computed if the biomass is rep-
resented by <C

4
H

7
O

3
> (Biebl and Pfennig, 1978) 

or by <C
4
H

8
O

2
N> (Overmann et al., 1992)). If 

just the assimilatory demand for sulfur were 
relied upon, by contrast, only approximately 
0.02 g of sulfide-S would be taken up per gram 
of C fixed. Hence, much more light would be 
needed to remove sulfide purely by assimilation 
than by dissimilatory oxidation, even after allow-
ing for the apparent fact that the quantum require-
ment for photoheterotrophic growth tends to be 
two to three times smaller than that for photoau-
totrophic growth (Göbel, 1978). This is an impor-
tant reason for preferring to base a phototrophic 
BSR system on dissimilatory sulfide oxidation. 
Another reason concerns the cell concentra-
tion. Even allowing for the apparent fact that the 
cell-specific rate of photoautotrophic growth is 
typically several times smaller than that of pho-
toheterotrophic growth (Göbel, 1978), a much 
(10–50 times) higher cell-specific rate of sulfide 
removal is expected from microorganisms carry-
ing out dissimilatory sulfide oxidation than just 
the assimilatory uptake of sulfide. Therefore, the 
cell concentration in a BSR process based purely 
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on S-assimilation would have to be 10–50 times 
greater than the cell concentration in a BSR proc-
ess based on dissimilatory oxidation just to allow 
the reactors to be the same size; and such a great 
concentration of cells would further complicate 
the task of distributing light within the reactor.

2. Influence of Light Availability on the Rate 
of Sulfide Removal

Since it is light that fuels the growth of these 
dissimilatory sulfide-oxidizing phototrophs, and 
which drives their oxidation of sulfide, it would be 
essential for the purpose of reactor design to know 
how light availability influences the cell-specific 
rate of sulfide removal, and with what efficiency 
absorbed light is used by a species for sulfide 
oxidation. These pieces of information are rarely 
available, however. (The report of Overmann et al. 
(1992) is a rare exception in this regard.) Thus, 
a general view of the situation must be deduced 
from other, available information. In view of the 
nexus between cell growth and sulfide oxidation, 
we anticipate that, for a culture growing under 
light limitation, the cell-specific rate of sulfide 
oxidation and the cell-specific rate of growth, µ, 
should each depend on light availability in much 
the same way. We are thus led to draw inferences 
about light availability’s effects on sulfide oxida-
tion from the known effects of light availability 
on light-limited cell growth, particularly under 
autotrophic conditions, and ideally with sulfide 
serving as the electron donor for photosynthesis.

Turning firstly to the relation between light 
availability and cell growth rate, we note at the 
outset that light availability is often reported as 
the incident irradiance. It is doubtful whether 
incident irradiance provides the best indication 
of light availability within the culture (Göbel, 
1978), but except in particular circumstances, it 
is still believed to be indicative of that availabil-
ity. The general relationship between the cell-
specific growth rate, µ, of a light-limited culture 
and the incident irradiance on that culture is as 
follows (Biebl and Pfennig, 1978; Veldhuis and 
van Gemerden, 1986; Guyoneaud et al., 2001). 
There is no net growth until the incident irradiance 
exceeds a threshold value. As incident irradiance 
increases beyond that threshold value µ increases. 
The rate at which µ increases with respect to inci-
dent irradiance declines with increasing incident 

irradiance. As a result µ attains a maximum value, 
µ

max
, and declines as incident irradiance climbs 

further. This decline is termed photoinhibition. 
Given the link between growth and sulfide oxi-
dation, the larger the value of µ

max
, the larger is 

the cell-specific rate of sulfide removal that can 
potentially be attained. The availability of light 
needed to bring about growth at µ

max
 is also a rele-

vant consideration, but is rarely reported. Instead, 
it is to be inferred from a much more commonly 
reported parameter, the value of the incident irra-
diance at which µ is some sizeable and defined 
proportion (say 50%) of µ

max
. The body of exper-

imental evidence gathered so far indicates that 
amongst each of the PSB, PNSB and GSB, µ

max
 

for photoautolithotrophic growth on sulfide var-
ies considerably from strain to strain, but that 
the values of µ

max
 for the more rapidly growing 

strains of each group are similar (van Gemerden, 
1984). Thus, species with the potential for rela-
tively rapid sulfide removal can be found amongst 
each of the PSB, PNSB and GSB. As regards the 
irradiance necessary to realize this potential, it is 
the generally held view that the GSB make much 
better use of the available light for growth than 
PSB or PNSB do, especially at very low irradi-
ances (Biebl and Pfennig, 1978; Overmann 
et al., 1992; van Gemerden and Mas, 1995). This 
would suggest that in order to attain a maximum 
cell-specific rate of sulfide removal, less radiant 
power would be needed, and consequently less 
cost incurred, if the BSR process were based on 
GSB than if based on PSB or PNSB. Neverthe-
less, the natural and experimental situations from 
which the aforementioned generally held view is 
derived are not necessarily going to be represent-
ative of the situation of the phototrophs in a pho-
totrophic BSR reactor. Given the sizeable costs 
of supplying light at large rates, these reactors are 
likely to be engineered so as to enable near total 
absorption of light by cells. In that situation, the 
radiant power requirement is better judged by the 
quantum requirement for sulfide oxidation, and it 
is to this issue that we now turn.

3. The Quantum Requirement for Sulfide 
Oxidation

As explained above, the effectiveness with 
which a phototrophic organism uses absorbed 
light for sulfide oxidation has, for want of direct 
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measurements, to be inferred from the effec-
tiveness with which it uses absorbed light for 
a process related to sulfide oxidation. At least 
in the case of photoautotrophic growth CO

2
 

fixation is such a related process. The effective-
ness with which light is used for CO

2
 fixation 

is indicated by the number of quanta absorbed 
per molecule of CO

2
 fixed, a quantity referred 

to as the quantum requirement for CO2 fixation. 
Of two species capable of photoautotrophic 
growth with sulfide as the electron donor, it is 
the one having the lower minimum quantum 
requirement for CO

2
 fixation under photoau-

totrophic conditions that is able to use absorbed 
light more effectively for sulfide oxidation – all 
other things being equal.

Quantum requirements for CO
2
 fixation under 

purely autotrophic conditions have been investi-
gated experimentally for a handful of strains only 
(see below). All investigations carried out so far 
indicate that the quantum requirement depends 
partly on innate characteristics of the phototroph 
strain and partly on cultivation conditions, notably 
the degree of light limitation and the wavelength 
of the absorbed light (Larsen, 1953; Göbel, 1978). 
The innate characteristics determine the mini-
mum quantum requirement that can be attained, 
and the culture conditions determine how closely 
this minimum may be approached. The quantum 
requirement is at its minimum when the light is 
(1) sufficiently available to support light-limited 
growth at about half µ

max,
 and (2) supplied at a 

wavelength strongly absorbed by the cells’ light-
harvesting bacteriochlorophyll (BChl) in vivo 
(Larsen, 1953; Göbel, 1978).

Table 1 is a summary of measured values of 
the quantum requirement for CO

2
 fixation by 

different strains under conditions of light-limi-
tation with inorganic electron donors. As only 
wavelengths of light strongly absorbed by the 
light-harvesting BChls in vivo were used in 
those experiments, these values of the quantum 
requirement should be regarded as the mini-
mum values attainable for the corresponding 
strain. Notwithstanding the report of French 
(1937), which has been criticized at length by 
Larsen (1953), the lowest minimum quantum 
requirement observed so far for CO

2
 fixation 

with an inorganic electron donor is about 9–10 
quanta, and this was for a GSB strain. Proceed-
ing from biochemical theory, Brune (1989) has 

predicted that the minimum quantum require-
ment for CO

2
 fixation is 8 1/2 quanta in PSB and 

between 3 1/3 and 4 1/2 in GSB. Although in 
none of the quantum requirement measurements 
was sulfide used as the electron donor, Larsen 
(1953) observed essentially the same minimum 
quantum requirements with each of three differ-
ent electron donors, hydrogen, thiosulfate and 
tetrathionate. Kim et al. (1992) have reported 
that sulfur globules formed by Chlorobium from 
sulfide increase light scattering more than they 
do light absorption. On that basis, we would 
anticipate that sulfur globule formation will not 
greatly affect the observable minimum quantum 
requirement.

The wavelengths strongly absorbed by the 
various types of light-harvesting BChls in vivo 
have been summarized by Overmann and Garcia-
Pichel (2000). These light-harvesting BChls are 
responsible for at least two maxima in the spec-
tral absorbance, between 350 nm and 1100 nm, 
of intact anoxygenic phototrophs. At least one 
of the absorbance maxima attributable to light-
harvesting BChl occurs at a wavelength between 
700 and 1100 nm, i.e., in the near IR region. The 
value of this strongly absorbed wavelength is 
determined by the form of light-harvesting BChl 
present in the cell and by the chemical environ-
ment in which the BChl is situated. To some 
extent the type of light-harvesting BChl is also a 
characteristic shared by members of a particular 
group of phototrophs: the light-harvesting BChl 
in PNSB strains and PSB strains is either BChl a 
or b; that in GSB strains is either BChl c, d or e; 
that in Chloroflexaceae is either BChl a or c; and 
that in heliobacteria is BChl g. Hence, the use of 
a light source emitting most of its optical energy 
at a near IR wavelength strongly absorbed by the 
light-harvesting BChl of a desired type of pho-
totroph not only favors the effective utilization 
of the absorbed light by the phototroph but can 
also be used to select against some unwanted 
types of phototroph. It is opportune to mention 
here that wastewater is rarely sterile and may 
be prohibitively expensive to sterilize and keep 
sterile. On this account the practical BSR system 
will contain a microbial community of greater 
or lesser diversity, and the ability to favor the 
development of a desired type of phototroph or 
to hinder the growth of an undesired type is of 
practical benefit.
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4. The Products of Sulfide Oxidation 
by Phototrophic Bacteria

Sulfate is the final product of oxidation in most 
but by no means all cases (see summary in Brune 
(1989) ). A zero-valent form of sulfur, recoverable 
as elemental sulfur, is formed extracellularly as a 
final product of sulfide oxidation by some species 
of PNSB, cyanobacteria, Chloroflexaceae, and 
heliobacteria. Zero-valent sulfur is also formed 
as an intermediate product by many PSB and 
GSB species. This intermediate zero-valent sul-
fur is formed extracellularly by strains belonging 
to the Ectothiorhodospiraceae and GSB strains, 
and intracellularly by members of the Chroma-
tiaceae. The aforementioned global relations (Eq. 
6 and Eq. 7) that describe anoxygenic photosyn-
thesis supported by sulfide oxidation indicate that 
for each unit of <CH

2
O> formed, four times more 

sulfide will be oxidized if the sulfide is oxidized 
to zero-valent sulfur than if the sulfide is oxidized 
to sulfate. In situations where bacterial growth 
is limited by the availability of light, which is, 
for economic reasons, likely to be the case in a 
large-scale system, the equations thus imply that 
four times less light will be used per unit mass of 
sulfide oxidized if the sulfide is oxidized to the 
zero-valent level than if the sulfide is oxidized 
to sulfate. Hence, the nature of the product or 
products of bacterial sulfide oxidation can have 
important ramifications for the energy efficiency 
and cost of using a particular strain as the basis of 
the phototrophic BSR process.

The nature of the products of sulfide oxidation 
will also determine the ease with which the prod-
ucts can be recovered. For the time being at least, 
the recovery of the elemental sulfur and sulfate is 
unlikely to be justified by their economic value. 
Recovery would, however, have to be considered 
if there were a risk that the release of the oxida-
tion products would cause problems or worsen 
existing, sulfur-related problems downstream, 
e.g., due to sulfide formation by microbial sul-
fate reduction, or due to the blockage of drains 
and other orifices with elemental sulfur. The most 
easily recoverable product of sulfide oxidation is 
elemental sulfur, as this is essentially insoluble 
in water.

5. The Effect of Sulfide Concentration 
on the Rate of Sulfide Oxidation

The significant cost of providing optical energy 
will militate in favor of a design that makes effi-
cient use of that energy, and, by implication, 
an operation in which the sulfide removal rate 
by the phototrophic community as a whole is 
strongly limited by light supply. However, even 
under those conditions, growth in the parts of 
the community very close to the light source or 
near the reactor exit, where the sulfide concen-
tration is least, may be limited more strongly 
by sulfide availability than by light availability. 
The potential for process inhibition by sulfide 
is also a possibility to be reckoned with. The 
influence of sulfide availability on the rate of 

Table 1. Quantum requirement for CO
2
 fixation.

Organism (name as used 
in reference)

Minimum quantum requirement 
for CO

2
 fixation (quanta absorbed 

per molecule of CO
2
 fixed) Electron donor Assay Reference

Chlorobium thiosulfat-
ophilum

Range: 7.8–11.8; Ave: 9.7
Range: 8.9–11.4; Ave:10.1
Range: 8.9–9.7; Ave: 9.3

Hydrogen
Thiosulfate
Tetrathionate

Manometry with 
resting cells

Larsen (1953)

Rhodopseudomonas 
acidophila 10050 (now 
Rhodoblastus acido-
philus)

17.2 (CO
2
 in cells)

11.7 (CO
2
 in cells and exudates)

Hydrogen Cells growing in 
continuous culture

Göbel (1978)

Chromatium strain D 
(now Allochro matium 
vinosum)

Range: 9.4–15.2; Ave: 12
Range: 8.5–16; Ave: 12

Thiosulfate
Hydrogen

Manometry with 
resting cells

Wassink et al. 
(1942)

Streptococcus varians 
(now Rhodobacter cap-
sulatus)

Range: 4.4–16.2
Values depend on pre-treatment

Hydrogen Manometry with 
resting cells

French (1937)
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sulfide oxidation is therefore a relevant consid-
eration. For want of the desired information, 
the broad picture about the influence of sulfide 
concentration on the rate of sulfide oxidation 
has to be inferred from the influence of sulfide 
concentration on a related process. From Eq. 6 
and Eq. 7 we anticipate that for a culture grow-
ing autotrophically under sulfide limitation, the 
cell-specific rates of sulfide oxidation rate and 
growth (µ) will depend on sulfide concentra-
tion (C) in much the same way (except insofar 
as discussed in the following paragraph). (This 
inference finds direct support in Beeftink and 
van Gemerden (1979) and in Veldhuis and van 
Gemerden (1986)). Under sulfide limitation µ 
increases as C increases from zero. The rate at 
which µ increases with respect to C decreases 
with increasing C, however, with the result that 
µ tends to a maximum value, and declines as C 
climbs further. This decline is sulfide inhibition. 
van Gemerden (1984) has described this depend-
ence of µ on C with a Haldane type model, µ = 
m̂ C/[(K

s
 + C)(1 + C/K

i
)], and has provided 

parameter values for 17 strains (GSB, PSB and 
PNSB). The model parameters are: m̂, the theo-
retical maximum value of µ that would occur if 
the substrate were not inhibitory; K

i
, the inhibi-

tion constant, is the higher of the two values of 
C at which µ equals 1/2 m̂; and K

s
 is the lower of 

the two values of C at which µ equals 1/2 m̂. The 
lower the value of K

s
, the less the cells’ growth 

is limited by sulfide availability at a given value 
of C. The larger the value of K

i
, the more tolerant 

is the organism to sulfide, and the more closely 
the actual maximum value of µ, m̂

max
, approaches 

m̂. Some published values of K
s
 and K

i
 are pre-

sented in Table 2. They indicate that sulfide 
limitation and inhibition would be least likely 
to occur if the process were based on GSB or 
PSB (especially Ectothiorhodospiraceae 
strains). A process based on PNSB would strug-
gle to cope with sulfide concentrations greater 
than 2 mM, a result confirmed generally by 
Hansen and van Gemerden (1972). For the 
sulfide-oxidizing strains of the Chloroflexaceae 
and heliobacteria the relationship between 
sulfide oxidation and sulfide availability has 
yet to be surveyed.  Nevertheless, some strains 
can evidently oxidize sulfide at millimolar 
con centrations of sulfide (Keppen et al., 1993; 
Bryantseva et al., 2000).

In addition to affecting the cell-specific growth 
rate, the sulfide availability has also been shown 
to affect the average degree of sulfide oxidation. 
Working with sulfide-limited, pure cultures of 
representative GSB and PSB strains growing in 
chemostats at sulfide concentrations of the order 
of the K

s
 value, van Gemerden (1986) showed that 

the ratio of the two products of sulfide oxidation, 
sulfate and sulfur, increased as the concentration 
of sulfide decreased. This result suggests that 
it becomes difficult to stop the oxidation at the 
zero-valent level once the sulfide concentration 
in the photic zone is of the order of the K

s
 value. 

The sulfide concentration in the photic zone 
equals the sulfide concentration in the wastewa-
ter only in the case where the cells are suspended 
in the wastewater. In cases where the sulfide has 
to diffuse through a biofilm to reach the photic 
zone – and such cases will be reviewed in Sec-
tions III and IV – the sulfide concentration in the 
photic zone may be <10% of the sulfide concen-
tration in the wastewater contacting the biofilm. 
Sulfide availability has also been implicated in 
the regulation of acetate co-assimilation by one 
GSB strain, Chlorobium phaeobacteroides strain 
K1 (see below).

6. The Influence of the Presence of Volatile 
Fatty Acids on the Rate of Sulfide Oxidation

The presence in a cell’s environment of organic 
compounds that the cell’s major biosynthetic 
pathways can utilize with little if any modifica-
tion represents a potential boon for the cell. It 
will take advantage of the organic compounds to 
the extent that its metabolism and the availabil-
ity of light and other nutrients allow. Sugars and 
volatile fatty acids are to be found in many types 
of wastewater. It is to be apprehended that the 
cell’s utilization of such sources of organic car-
bon could result in a lower cell-specific demand 
for CO

2
, a lower cell-specific demand for reduc-

ing equivalents derived from sulfide, and, as a 
possible consequence, a lower cell-specific rate 
of sulfide oxidation, and a lower volumetric rate 
of sulfide oxidation. The potential for this type 
of effect would seem to be greatest with PNSB 
and least with GSB. Many PNSB strains can 
grow photoheterotrophically on a wide range 
of organic compounds (Imhoff, 2001a, b). Most 
GSB strains can by contrast assimilate very few 
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organic compounds, e.g., acetate and pyruvate, 
and then only in the presence of CO

2
 and an 

electron donor such as sulfide (Sadler and Stanier, 
1960; Overmann, 2001).

Several reports have provided evidence that 
the cell-specific rate of sulfide oxidation by Rho-
dobacter capsulatus, Thiocapsa roseopersicina 
and Chlorobium phaeobacteroides is suppressed 
by the presence of acetate when the cell-specific 
growth rate, µ, is held constant (Wijbenga and van 
Gemerden, 1981; Hofman et al., 1985; Veldhuis 
and van Gemerden, 1986). Furthermore, when 
cultivated in the presence of acetate and sulfide, 
Rhodobacter capsulatus and Thiocapsa roseop-
ersicina seem to prefer acetate to sulfide, and 
Chlorobium phaeobacteroides sulfide to acetate. 
If this behavior is indicative of the other strains in 
the respective groups, a PNSB/PSB-based pho-
totrophic BSR system would seem to be suscep-
tible to direct inhibition by organic compounds, 
particularly VFAs. By contrast, when Chloro-
bium phaeobacteroides was cultivated under 
sulfide-limited or light-limited continuous cul-
tures, it was observed that the higher the sulfide 

concentration was, the lower the rate of acetate 
uptake was; and in batch experiments, practically 
no acetate was taken up if the sulfide concentra-
tion exceeded 0.8 mM.

The chief question regarding sulfide removal 
by the reactor is whether the volumetric rate of 
sulfide removal will be affected in the presence 
of organic compounds, i.e., whether the inhibi-
tion of sulfide oxidation, described above, will 
be offset by an increase in either the average cell 
concentration or µ (if µ is free to change). Hof-
man et al. (1985) indicated that the inclusion of 
acetate in the chemostat feed led to practically no 
change in the sulfide concentration in the chemo-
stat effluent, a result implying that the volumetric 
rate of sulfide had changed negligibly. Presum-
ably the cell concentration had increased to com-
pensate for the lower cell-specific rate of sulfide 
oxidation, because the dilution rate, and hence 
µ, had not been changed. In biofilm systems, µ 
can vary independently of the dilution rate, but 
the average cell concentration may be restricted 
by the shear force exerted by the wastewater on 
the biofilm.

Table 2. Kinetic parameters for representative anoxygenic photosynthetic bacterial strains growing under sulfide limitation.

Study
Species (Family) 

(strain) Comment m̂ m̂
max

 (h−1) K
s
 (µM) K

i
 (mM)

van Gemerden 
(1974)

Chromatium vinosum 
(PSB) (DSM 185) 
(now Allochromatium 
vinosum)

chemostat; pure culture; 
autotrophic growth

0.130 0.117 7 2.5

" Chromatium weissei 
(PSB) (DSM 171)

" 0.050 0.040 10 0.7

Veldhuis and van 
Gemerden (1986)

Thiocapsa roseoper-
sicina (PSB) (K2)

chemostat; pure cultures; 
concurrent growth on 
acetate and carbon dioxide

0.087 0.072 21 2.2

van Gemerden 
(1984)

Chlorobium phaeo-
bacteroides (GSB) 
(K1)

" 0.096 0.093 0.8 2.5

" Ectothiorhodospira 
vacuolata (PSB) 
(DSM 2111) (now 
Ectothiorhodospira 
shaposhnikovii)

chemostat; pure culture; 
autotrophic growth

0.138 0.129 3 2.8

van Gemerden and 
Beeftink (1981)

Chlorobium limicola 
f. thiosulfatophilum 
(GSB) (DSM 249) 
now Chlorobaculum 
thiosulfatiphilum

chemostat; pure culture; 
autotrophic growth

0.110 0.105 1.5 3

van Gemerden 
(1984)

Rhodobacter capsula-
tus (PNSB) (DSM 155)

chemostat; pure culture; 
autotrophic growth

0.145 0.132 2.3 1
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7. Conclusion

From a consideration of the above criteria and of 
what is known so far, it appears to us that if a BSR 
process is to be based on anoxygenic photosyn-
thetic bacteria, then the GSB will in most cases be 
the most appropriate type to use. Almost without 
exception GSB oxidize sulfide to an extracellular 
intermediate that can be recovered as elemental 
sulfur separately from the cells. Their K

s
 values 

for sulfide oxidation are low relative to those of 
other anoxygenic photosynthetic bacteria, and 
they tolerate industrially relevant sulfide con-
centrations. Their ability to assimilate organic 
compounds is restricted to a few simple VFAs and 
is contingent on co-assimilating CO

2
 and oxidiz-

ing a reduced inorganic compound, like sulfide. 
Hence, a suppression of the cell-specific sulfide 
removal rate is only to be anticipated in the pres-
ence of a few simple organic compounds. The 
GSB strongly absorb some wavelengths between 
700 and 770 nm, and by virtue of this fact, the 
judicious control of the spectral composition of 
the light could be used as a means to select against 
purple bacteria, cyanobacteria and heliobacteria 
also. Although the matter is still to be compre-
hensively surveyed, GSB are believed to have 
the lowest quantum requirement during photo-
autotrophic growth, which strongly suggests that 
they have the lowest quantum requirement for 
sulfide oxidation. The quantum requirements 
for sulfide oxidation by heliobacteria and by 
sulfide-oxidizing Chloroflexaceae strains, which 
are also able to oxidize sulfide to an extracellular 
form of elemental sulfur, have not to our knowl-
edge been reported.

A definitive declaration about the merit of 
seeking to base a BSR process on heliobacteria 
or Chloroflexaceae cannot be made until repre-
sentative strains have been characterized with 
respect to the criteria discussed. The heliobacte-
ria contain sulfide-oxidizing mesophiles and the 
Chloroflexaceae sulfide-oxidizing thermophiles 
(as do the GSB), which may lend themselves to 
a use for the treatment of warm to hot sulfidic 
wastewaters (Madigan and Brock, 1975; Bry-
antseva et al., 2000). The potential for basing 
BSR processes on heliobacteria, especially, may 
have to be reevaluated: they have an absorption 
spectrum distinct from that of all other known 
families of anoxygenic photosynthetic bacteria, 

which suggests that they could be selected for 
to the exclusion of other phototrophs by means 
of spectral control. (The feasibility of efficiently 
generating near monochromatic light will be 
considered further on.)

It should also be recalled that some cyanobac-
terial strains are reportedly capable of anoxygenic 
photosynthesis (with the oxidation of sulfide) in 
sulfidic environments, while others have been 
reported to maintain oxygenic photosynthesis 
in the presence of sulfide at a concentration of 
1 mM (see Cohen and Gurevitz (1992) and ref-
erences therein). Both types of cyanobacteria 
might in theory be used for a BSR system, but 
further characterization with respect to the points 
already elaborated is needed. In circumstances 
where the generation of oxygen is to be pre-
vented or most carefully controlled, e.g., inside 
an anaerobic digester in which methane is also 
being evolved, the feasibility of selecting against 
oxygen-evolving strains and in favor of sulfide-
oxidizing strains, or vice-versa if desired, would 
require careful study. Finally, if the wastewater 
were strongly alkaline or saline and contained lit-
tle organic carbon, consideration should be given 
to trying to base the BSR process on Ectothiorho-
dospiraceae strains, as this family contains alka-
lophilic, halophilic and haloalkalophilic species 
capable of oxidizing sulfide. Globules of a zero-
valent sulfur are formed outside the cell (Imhoff, 
1999).

III. Overview of Reactor Concepts

The purpose of this section is to draw the reader’s 
attention to the major distinguishing features of 
the engineered systems that use anoxygenic pho-
tosynthetic bacteria to remove sulfide from waste-
water. The scene will thereby be set for a detailed 
review of some of these systems, which will be 
presented in the next section. Before proceeding 
toward this objective, we wish to mention, briefly, 
other engineered wastewater systems in which 
phototrophs play a leading role, but in which the 
phototrophs remove sulfide incidentally or with 
unpredictable effectiveness.

Full-scale wastewater treatment systems in 
which photosynthetic microorganisms play 
important roles have been described in several 
communications from Japan during the past 



448 Timothy J. Hurse et al.

three decades (Kobayashi, 1975; Kobayashi and 
Kobayashi, 1995). In those systems the anoxy-
genic photosynthetic bacteria serve to remove 
most of the organic pollutants not removed by an 
initial sedimentation step, which is quite a differ-
ent situation from the BSR systems to be reviewed 
in this chapter. The wastewater in these Japanese 
wastewater treatment systems is not sterilized 
before treatment, and the reactors containing the 
anoxygenic photosynthetic bacteria may be open 
and aerated. It is hardly surprising, therefore, that 
PNSB appear to be the predominant phototrophs 
in those reactors (Hiraishi et al., 1995).

The presence of photosynthetic bacteria in the 
units of a conventional activated sludge waste-
water treatment plant and in wastewater lagoons 
has been reported. The vast majority of the 
phototrophs found in the activated sludge were 
PNSB, and were believed to be deriving most of 
their energy by respiration (Siefert et al., 1978). 
In wastewater treatment lagoons receiving heavy 
organic loads, concentrations of sulfide in the 
water column can reach levels that lead to the 
proliferation of PSB and cause odors. Although 
PSB remove some sulfide, it is inherently dif-
ficult to ensure consistent and sufficient sulfide 
removal as the process is open to the atmosphere 
and dependent on sunlight (Houghton and Mara, 
1992).

Concepts entailing the use of anoxygenic pho-
tosynthetic bacteria in engineered systems specif-
ically for the removal of sulfide from wastewater 
have been proposed in patents and in a few well-
documented scientific reports by various authors 
(see below). All reported studies have been car-
ried out at the bench scale. The studies can be 
classified according to the types of phototrophic 
bacteria that have been used in these various 
studies (Table 3). Two striking features emerging 
from Table 3 are the prominent place played by 
GSB in nearly all engineered phototrophic BSR 
processes, and the minimal degree to which the 
application of other classes has been investigated. 
The phototrophic BSR processes described can 
also be usefully classified according to whether 
the organisms were freely suspended within the 
wastewater or attached to some solid surface 
(substratum), and whether there was a continu-
ous flow of wastewater through the system. The 
research thus classified is summarized in Table 4. 
We have included in the Tables some references 

to studies on the use of anoxygenic photosyn-
thetic bacteria for desulfurizing a continuously 
flowing stream of gas.

In recent years research into the application of 
anoxygenic photosynthetic bacteria for remov-
ing sulfide from wastewater has been focused on 
attached-growth systems, i.e., biofilm systems, 
with light supplied either through the medium 
(Ferrera et al., 2004a, b) or through a transpar-
ent substratum (Kobayashi et al., 1983; Henshaw 
et al., 1998; Henshaw and Zhu, 2001; Syed and 
Henshaw, 2003, 2005; Hurse and Keller, 2004a, 
b, 2005). The performance of these attached-
growth systems will now be described.

IV. Reactor Performance

In the preliminary remarks made at the begin-
ning of Section II, two parameters were singled 
out as being of particular practical importance: 
the volumetric rate of sulfide removal in the reac-
tor (R

V
), and the amount of sulfide removed per 

unit of radiant energy supplied to the reactor (Ω). 
Their importance, it was explained, derives from 
their overwhelming influence on the whole-of-
life cost of a phototrophic BSR system. It is only 
natural, therefore, to consider these parameters 
when comparing and contrasting the perform-
ance of reactor systems. In line with the other 
points made in Section II, when assessing the 
relative merits of different reactor systems one 
should also have regard to the sulfide oxidation 
products, and to whether the wastewater was of a 
type that could have allowed non-sulfide oxidiz-
ing phototrophs to develop, and thereby to divert 
some of the supplied radiant energy away from 
sulfide oxidation.

Both R
V
 and Ω can generally be computed 

from reported data by means of Eq. 3 and Eq. 
5, respectively. Further useful information can 
be extracted from reported reactor performance 
figures if R

V
 is broken down into its component 

terms. R
V
 can be expressed as the product of the 

cell concentration and the cell-specific rate of 
sulfide removal (Eq. 4), where both quantities 
are to be understood as average values over the 
entire reactor volume. As these two quantities 
may be independent of each other, comparisons 
of the performance of different systems will be 
more informative if the cell concentration and 
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Table 3. Classification of researched phototrophic BSR systems on the basis of culture purity.

Mixed Culturea Pure Culturea

Researchers Predominant phototrophic family 
represented

Researchers Family

Kobayashi et al. (1983) GSB and PNSB Henshaw et al. (1998) GSB

Khanna et al. (1996) GSB Henshaw and Zhu (2001) GSB

Hurse and Keller (2004a, b, 
2005)

GSB Syed and Henshaw (2003, 2005) GSB

Ferrera et al. (2004a, b) PNSB, PSB and Chlorophyta Ferrera et al. (2004b) GSB

Cork et al. (1983, 1985) GSB

Cork and Kenevan (1990) GSB

Maka and Cork (1990a, b) GSB

Kim and Chang (1991) GSB

Kim et al. (1992, 1996, 1997) GSB

Basu et al. (1996) GSB

Lee and Kim (1998) GSB

Sardesai et al. (2006) heliobacteria
a Underlined studies pertain to wastewater treatment.

Table 4. Classification of researched phototrophic BSR systems on the basis of biomass distribution and flow.

Sulfidic stream Reactor type Biomass attached to surface Biomass suspended in liquid

Wastewater Continuous Kobayashi et al. (1983) Henshaw et al. (1998)
" " Henshaw and Zhu (2001) Khanna et al. (1996)
" " Syed and Henshaw (2003, 2005) 
" " Hurse and Keller (2004a, b, 2005) 
" " Ferrera et al. (2004b) 
" Batch  Henshaw et al. (1992)
Gas Continuous  Basu et al. (1996)
" "  Kim and Chang (1991)
" Fed batch Kim and Chang (1991) Cork et al. (1983,1985)
" "  Cork and Kenevan (1990)
" "  Maka and Cork (1990a, b)
" "  Kim et al. (1992, 1996, 1997)
" "  Lee and Kim (1998)

the cell-specific rate of sulfide removal of the 
respective systems are clearly distinguished. If 
R

V
 and the measured cell concentration are both 

known, Eq. 4 can be used to determine the cell-
specific rate of sulfide removal.

For practical reasons an indirect rather than an 
actual measure of cell concentration is generally 
used as the rate standardizing parameter. Exam-
ples of these indirect measures include the mass 
of pigment or protein per unit volume of reactor. 
If the biomass exists largely in biofilms growing 
on illuminated surfaces, the area of illuminated 
surface per unit reactor volume could also be 
used as the rate standardizing parameter. (The 
use of surface area as a standardizing parameter 

for attached-growth wastewater treatment reac-
tors is widespread.) In that case the standardized 
removal rate is the mass of sulfide removed per 
unit time per unit area of illuminated surface. We 
have found it convenient to express this quantity 
in units of g m−2 d−1.

We have analyzed most of the recent reported 
studies of phototrophic BSR systems, and have 
derived the values of the various rates in accord-
ance with the foregoing recommendations, if 
there was sufficient information in the reports 
for us to do so with confidence. Pertinent param-
eters of these BSR systems are summarized in 
Table 5. Several points in particular deserve 
emphasis.
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A. Sulfide Concentrations 
that can be Treated in Current 
Phototrophic BSR Systems

Henshaw and coworkers have used substratum-
irradiated biofilms of GSB in narrow tubular 
bioreactors (“phototubes”) to reduce sulfide con-
centrations in synthetic wastewater from several 
hundred parts per million to zero with a hydrau-
lic residence time of <10 min. Other groups have 
demonstrated that attached-growth reactors, 
containing axenic or mixed cultures, are also 
suitable for treating wastewater having sulfide 
concentrations in the order of 10 mg l−1 or less.

B. Conversion of Sulfide 
to Elemental Sulfur

In all the phototrophic BSR studies reviewed in 
Table 5 it has been demonstrated that elemental 
sulfur can be one of the products of oxidation. 
Henshaw and coworkers have reportedly been able 
to control the conditions within both suspended 
growth and attached growth reactors so that the 
sulfide is transformed practically quantitatively 
into an elemental sulfur that leaves the reactor in 
the effluent (Henshaw et al., 1998; Henshaw and 
Zhu, 2001; Syed and Henshaw, 2003, 2005). This 
technically and economically significant achieve-
ment has yet to be matched by others working 
with attached-growth systems. Data presented by 
Kobayashi et al. (1983) indicate that in their exter-
nally illuminated “phototube” reactor sulfide was 
mainly transformed into sulfate, and that <12% 
of the sulfide was accounted for as elemental sul-
fur leaving the reactor. The same data indicate 
that up to 18% of the sulfide-S entering the reac-
tor was unaccounted for in the reactor effluent. 
Microscopic examination of the biofilm revealed 
the presence there of elemental sulfur, so if all 
the unaccounted for sulfur was actually elemental 
sulfur accumulated within the reactor, the actual 
conversion of sulfide to elemental sulfur could 
have been as much as 26%.

Presumably the explanation for the different 
degrees of sulfide conversion to free elemental 
sulfur reported by Henshaw and coworkers and by 
Kobayashi et al. is to be found in the differences 
between the two systems. Henshaw and cowork-
ers worked with Tygon tubular reactors of various 
diameters, including, like Kobayashi et al. Tygon 

tubes of 3.2 mm internal diameter – and in that 
case, liquid flow rates were also similar to those 
used by Kobayashi et al. Henshaw and cowork-
ers used as reactor inocula pure cultures of Chlo-
robium limicola (ATCC No. 17092; DSM 257) 
and, as reactor feed, a synthetic medium practi-
cally devoid of organic-C, whereas the biofilm in 
Kobayashi et al.’s reactor was a mixed commu-
nity and the wastewater was the effluent from an 
anaerobic digester. Henshaw and coworkers also 
tended to operate their biofilm reactors at consid-
erably greater volumetric and areal rates of sulfide 
removal, and at considerably greater average 
sulfide concentrations, than Kobayashi et al. did. 
The light bulbs used by Henshaw and cowork-
ers had a considerably higher wattage than those 
used by Kobayashi et al.; however, the charac-
terizations of the light directed to the reactors are 
insufficient for us to comment on the equivalence 
or otherwise of the incident irradiance in the spec-
tral band that GSB can utilize for photosynthesis. 
Thickness of the biofilm and the relative sizes of 
the photic and aphotic zones within the biofilm 
are probably relevant parameters, but these were 
neither reported nor deducible in most cases. In 
view of the uncertainty about the actual values of 
important operating conditions, we do not believe 
that a single convincing explanation for the dif-
ferences between Kobayashi et al.’s system and 
those of Henshaw and coworkers can be offered.

Hurse and Keller, working with a reactor contain-
ing a planar, mixed biofilm community dominated 
by GSB and exposed to sulfide concentrations up 
to 11.5 mg l−1, reported <1 mg l−1 if any elemental 
sulfur in the effluent, even though elemental sul-
fur was undoubtedly produced within the biofilm 
and the reactor was operated continuously for 8 
months (Hurse and Keller, 2004b). Elemental sul-
fur was sometimes produced in such amounts as 
to turn the biofilm from green to yellow, and mass 
balance calculations for such periods confirm that 
more S was entering the reactor than leaving it, 
at least in the forms of sulfide, elemental sulfur, 
thiosulfate, sulfite and sulfate. The largest meas-
ured elemental sulfur content of a biofilm sample 
was 39% w/w (dry basis). Reasons for the failure 
to observe elemental sulfur in the reactor effluent, 
including the possible formation of polysulfides 
by reaction with sulfide, were proposed and dis-
cussed at length, but the issue still requires further 
investigation.
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C. Cycling of Sulfur Species 
within the Biofilm

Kobayashi et al. (1983) have demonstrated that 
sulfide can be removed from anaerobic digester 
effluent by means of a substratum-irradiated 
biofilm in which GSB were predominant. The 
sulfide was removed from the wastewater by a 
green-colored biofilm extending some distance 
from the inlet of the phototube reactor. Further 
downstream, the green colour gradually gave way 
to a red, and from this red biofilm the investiga-
tors obtained various isolates identified as non-
sulfide-oxidizing, purple non-sulfur bacteria.

In their report Kobayashi et al. associated 
the green photosynthetic bacteria with sulfide 
removal, and the red photosynthetic bacteria with 
the utilization of organic compounds. They did 
not, however, examine how exposure to organic 
compounds influenced the GSB; nor whether 
sulfidogenic microorganisms might have been 
involved in transformations of both S and organic 
compounds within the reactor, and might, thereby, 
have influenced the sulfide-removing perform-
ance of the reactor. Because the sulfide present 
in the anaerobic digester effluent fed to the pho-
totube was generated in that digester, it stands to 
reason that sulfate- and sulfur-reducing organ-
isms as well as volatile fatty acids were present 
in the anaerobic digester effluent. Because GSB 
and sulfidogenic chemotrophs are known to form 
stable associations in some natural biofilms, it 
seems quite plausible that the biofilm in the pho-
totube would also have contained sulfate- and 
sulfur-reducing bacteria. By means of molecu-
lar methods Hurse et al. have confirmed that 
sulfidogens can be present in a sulfide-remov-
ing substratum-irradiated biofilm in which GSB 
are predominant (unpublished). In consequence, 
we hypothesize that sulfidogenesis and sulfide 
removal were occurring within the tubular photo-
bioreactor studied by Kobayashi et al. and that the 
observed removal of sulfide from the wastewater 
by their photobioreactor was the result of sulfide 
removal’s outpacing sulfide generation, i.e., the 
observed removal of sulfide was a net removal.

D. Effect of Exposure to VFAs

For the case of a GSB-dominated biofilm Hurse 
and Keller (2005) have reported that the addition 

of acetate or propionate to wastewater at dosages 
of the order of 20–40 mg l−1 causes the observed 
areal sulfide removal rate of the reactor to fall to 
50% of the value observed in the absence of those 
VFAs but under the same incident irradiance, 
sulfide loading and wastewater flow rate. The 
inclusion of acetate or propionate in the wastewa-
ter also caused the net rate of sulfate formation to 
fall to practically zero, and led the biofilm to yel-
low noticeably, presumably due to elemental sul-
fur formation. This sulfur did not disengage from 
the biofilm. The extent to which the switch from 
sulfate to elemental sulfur production is due to 
an increase in the rate of sulfate reduction rather 
than to a suppression in the degree to which GSB 
oxidize sulfide has yet to be established.

E. Effect of Interruption of the Light

Preliminary investigations into the effects of stop-
ping the irradiation of a GSB-dominated biofilm 
for a period of hours have been reported by Hurse 
and Keller (2005). Almost immediately after irra-
diation was discontinued, the biofilm became a 
net source of sulfide, and the rate of sulfide gen-
eration increased over the ensuing hours. The 
technological implications of these observations 
are discussed in Section VI. It may be thought 
that only the sulfidogenic chemotrophs could be 
responsible for sulfidogenesis in the dark, but the 
possible involvement of GSB has also been raised 
(Hurse and Keller, 2005). There are conflicting 
reports concerning the sulfidogenic potential of 
certain strains of GSB (Larsen, 1953; Gulanyan 
and Kurella, 1970; Paschinger et al., 1974; Brune 
and González, 1982; Trüper, 1984; Jeong and 
Kim, 1999; Pringault et al., 1999), and sulfido-
genesis in the dark has been reported for other 
types of phototrophs (van Gemerden, 1968; Oren 
and Shilo, 1979; Glaeser and Overmann, 1999).

F. Sulfide Removal Rates

A wide range of areal and volumetric sulfide 
removal rates are implied by the observations 
reported by the workers referred to in Table 5. The 
maximum value of areal removal rate reported 
for a reactor so far is 14 g m−2 d−1, which was 
achieved with a 1.6 mm i.d. phototube that 
reduced the sulfide concentration from 164 to 
0 mg l−1 in about 7 min (Syed and Henshaw, 2003). 
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The corresponding value of Ω, the amount of 
sulfide removed per unit of supplied radiant 
energy, was 0.29 g W−1 d−1. In their research 
Henshaw and coworkers have concentrated on 
identifying the conditions that ensure a near 
quantitative conversion of sulfide to sulfur in a 
narrow diameter tubular reactor. In those stud-
ies, the hydrodynamic conditions, which may 
conceivably affect the structure of the biofilm 
and the removal of elemental sulfur from the bio-
film, have not generally been held constant when 
sulfide concentration or sulfide loading have 
been varied. Furthermore, the concentration of 
sulfide in the wastewater, and hence the sulfide 
availability within the biofilm, necessarily vary 
with distance along the tube. Many processes are 
potentially occurring in these substratum irradi-
ated biofilms. We believe that a clearer concep-
tual picture of the biofilms would emerge if the 
influences of incident irradiance and sulfide con-
centration were investigated with as little distur-
bance as possible to the hydrodynamic conditions 
inside the reactor.

Hurse and Keller (2004b) have investigated 
the effects of incident irradiance and sulfide con-
centration on the observed areal rate of sulfide 
removal by a planar, mixed biofilm community 
dominated by GSB, exposed to constant hydro-
dynamic conditions. The light used was filtered 
so as to comprise wavelengths between 725 and 
775 nm. Their reactor was designed to enable 
investigation of the areal rate of sulfide removal 
under well defined conditions, rather than to 
maximize the volumetric rate of sulfide removal. 
The incident irradiance (Ei) ranged from 0.21 to 
1.51 W m−2 and the concentration of sulfide in 
the wastewater within the reactor (cbulk) ranged 
from 1.6 to 11.5 mg l−1. The observed areal rate 
of sulfide removal was positively correlated with 
both the sulfide concentration in the liquid bulk 
and the incident irradiance, i.e., there was a simul-
taneous, dual limitation. The maximum value of 
this areal net removal rate was 2.1 g m−2 d−1. The 
corresponding value of Ω was 1.4 g W−1 d−1.

G. The Effectiveness of Supplied Light 
for Sulfide Removal

In their investigation into the effects of cbulk and Ei 
on sulfide removal by the planar GSB-dominated 
biofilm, Hurse and Keller (2004b) also found a 

pronounced positive correlation between Ω and 
cbulk, a correlation that implied that light was more 
effectively used for sulfide removal at higher val-
ues of cbulk than at lower values of cbulk. On the 
other hand, they determined that at any given 
value of cbulk, there exists a value of incident irra-
diance at which the radiant energy requirement 
for sulfide removal is a minimum (i.e., at which 
Ω is a maximum). This optimal incident irradi-
ance was, furthermore, weakly dependent on the 
value of cbulk. A similar trend is suggested in the 
results reported by Syed and Henshaw, (2005), 
although in those experiments incident irradiance 
was not varied independently of flow rate.

The maximum value of Ω reported so far for a 
phototrophic BSR system is 2.04 g W−1 d−1, achieved 
by Hurse and Keller (2004b) in the aforemen-
tioned investigation. As discussed in their report, a 
Ω value of 2.04 g m−2 d−1 implies, in those circum-
stances, that the quantum requirement for fixation 
of a molecule of CO

2
 was less than 6 photons. This 

value is less than the requirement of 9–10 photons, 
determined by Larsen with suspended cultures of 
one strain of GSB, but is greater than the theoreti-
cal limit of between 3 1/3 and 4 1/2 postulated by 
Brune (see Section II.B.3). If Brune’s calculations 
are correct, it would seem possible for Ω to reach a 
value between 2.5 and 3.4 g W−1 d−1 for light of the 
same spectral composition.

The making of comparisons between different 
phototrophic BSR systems on the basis of Ω val-
ues (or, for that matter, the quantum requirement 
for sulfide removal) is hampered by the generally 
inadequate descriptions, given in the reports, of 
the radiant energy used in the experiments. Not 
all wavelengths are photosynthetically active, 
and wavelengths active for some phototrophs are 
not active for others. Furthermore, it seems not to 
be generally appreciated that the irradiance meas-
ured also depends on the type of sensor employed; 
and that within the range of wavelengths detected 
by a sensor, the sensor’s response may be wave-
length dependent. It would be most helpful if all 
of the following were reported:
– Measurements of the incident irradiance, in a 

defined spectral band, over the surface of the 
reactor. The location and orientation of the sensor 

should be reported. If the spectral composition of 

the radiant energy is also reported, it does not mat-

ter whether the irradiance is reported as power per 

unit area or as quantum flux per unit area.



Chapter 22 Removal of Sulfide from Wastewater 455

– The spectral composition of the radiant energy over 

a wavelength range sufficiently broad to include all 

photosynthetically active wavelengths and all wave-

lengths to which the irradiance meter responds.

– As many as possible of the following details about 

the irradiance sensor (make, model, field of view, 

calibration standard, spectral responsiveness).

It would be most helpful if the spectral composition of 
the light were represented graphically, as this would 
allow a stated value of incident irradiance in one 
defined spectral band to be converted into a value of 
incident irradiance in another spectral band.

V. Conceptual Model 
of the Substratum-Irradiated Biofilm

The following has been proposed by Hurse and 
Keller (2004b, 2005) as a conceptual model for the 
substratum-irradiated GSB-dominated biofilm that 
developed on a transparent substratum exposed to 
a sulfide-containing wastewater. In principle this 
model can be applied to substratum-irradiated 
sulfide-oxidizing-phototroph-dominated biofilms 
of other geometries. Because radiant energy is 
supplied through the transparent substratum and 
sulfide is supplied from the wastewater, opposing 
gradients of sulfide and light availabilities exist 
within the biofilm (Fig. 1).

The biofilm is regarded as comprising two dis-
tinct regions, known as the photic and “dark” 
zones. Only in the former is light availability 
sufficient to support growth of the phototrophs. 
Thus, the photic zone lies between the (irradi-
ated) substratum and the “dark” zone. Substrates 
(including sulfide) diffuse from the wastewater 
across the “dark” zone to the photic zone, where 
the phototrophs oxidize the sulfide to sulfur and 
sulfate (Fig. 2). Sulfur- and sulfate-reduction 
mediated by chemotrophs occur in the photic and 
“dark” zones. There is a net removal of sulfide by 
the biofilm, however, and the sulfate not reduced 
by chemotrophs diffuses out of the biofilm into 
the wastewater.

The growth of the cells as well as the formation 
of elemental sulfur in the biofilm lead to a net out-
growth of the whole biofilm in the direction away 
from the irradiated substratum. This outgrowth is 
offset by a sloughing of biomass and elemental 
sulfur into the wastewater. Elemental sulfur is car-
ried along with the outgrowing biofilm towards 

the wastewater. As the sulfur is displaced towards 
the wastewater, it encounters increasing sulfide 
concentrations, and passes through the dark zone. 
During its passage towards the wastewater, the 
sulfur may react chemically with sulfide to form 
polysulfides, and may be reduced to sulfide by 
the chemotrophic sulfur reducers in both zones, 
and by the phototrophs in the “dark” zone. In 
Hurse and Keller’s investigation, very little if 
any of this elemental sulfur reached the liquid, 
and some of the S entering the reactor was unac-
counted for under some conditions (described in 
Fig. 2 as “disappearing”).

The presence of organic compounds in the 
wastewater may stimulate the activity of the 
sulfur- and sulfate-reducing bacteria, and these 
compounds may possibly be metabolized by the 
phototrophs as well (see Section II.B.6). As a con-
sequence of their metabolism of the organic com-
pounds, the phototrophs may alter their demand 
for sulfide, the extent to which they oxidize it, 
and possibly both. It is postulated that a cessation 
of irradiation causes the phototrophs to stop oxi-
dizing sulfide, and to start producing VFAs and 
sulfide. The influences of organic compounds 
and darkness are also shown in Fig. 2.

VI. Implications for Process Scale-Up 
and Future Research Directions

Although there is no doubt that elemental sul-
fur can be the main product into which sulfide is 
transformed when removed, contrasting accounts 
have been published about the ease with which 
that elemental sulfur is actually disengaged from 
the biofilm. As planar biofilms have some advan-
tages over biofilms growing inside narrow tubes 
(Hurse and Keller, 2004a), a close examination 
of the fate of the elemental sulfur formed in pla-
nar biofilms would be of interest, as too would 
further research into means of liberating the ele-
mental sulfur, e.g., by increasing the shear force 
exerted by the wastewater on the biofilm, or by 
increasing the incident irradiance so as to make 
the biofilm grow out more quickly. The latter 
option may lead to the use of irradiances that are 
sub-optimal with respect to energy efficiency, but 
they would increase the areal and potentially the 
volumetric rates of sulfide removal, and allow the 
reactor vessel to be smaller and cheaper.



Fig. 1. Conceptual model of the biofilm. The representations of radiant energy and sulfide availabilities are approximate only. 
© 2004 Wiley Periodicals, Inc. Biotechnology & Bioengineering (2004) Vol. 87, No. 1, 14–23.

Fig. 2. Transformations of S occurring within the biofilm, showing the salient processes in various experimental situations. 
(top) operation in the dark with (a) VFA-free feed and (b) acetate-dosed feed; (bottom) operation in the light with (c) VFA-
free feed and (d) acetate-dosed feed. Width of the arrow stem indicates the flux. © 2004 Wiley Periodicals, Inc. Biotechnol-
ogy & Bioengineering (2005) Vol. 89, No. 2, 178–187.
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The studies reported by Kobayashi et al. 
(1983) and by Hurse and Keller (2005) show 
that it is technically possible to use phototrophs 
to remove sulfide from wastewater undergoing 
or having undergone anaerobic treatment. The 
characteristic presence of VFAs in this type of 
wastewater is something that cannot be over-
looked, for if the findings of Hurse and Keller’s 
study into the effect of dosing wastewater with 
acetate and propionate are generally applicable, 
the presence of VFAs considerably suppresses 
observed rates of sulfide removal and the degree 
to which sulfide is oxidized. A broader investi-
gation of the effects of VFAs on reactor perform-
ance is needed so as to assess the generality of 
these findings.

Tubular reactors of the diameter used by Hen-
shaw and coworkers and by Kobayashi et al. are 
unlikely to be suitable for treating wastewaters 
containing solids. A report on the performance 
of tubular reactors of a larger diameter (say 
2 cm) could be useful for judging their suitabil-
ity for treating solids-containing wastewaters. 
Our understanding of the processes occurring 
within these tubular reactors would certainly be 
advanced if future experiments were designed 
so as to distinguish the individual effects of 
tube diameter, wastewater velocity, shear stress 
on the biofilm, incident irradiance, and sulfide 
concentration.

Phototubes should not be the only type of sub-
stratum-irradiated biofilm reactor researched. 
Plane transparent panels and light-diffusing 
optical fibers (LDOFs) have been proposed as 
alternative substrata to transparent tubes (Hurse 
and Keller, 2004a). A reactor filled with LDOFs 
has been used for the cultivation of phototrophs, 
including GSB for gas desulfurization (Matsu-
naga et al., 1991; Lee and Kim, 1998). Whereas 
the wetted perimeter of a biofilm growing inside 
a tube becomes smaller as the biofilm becomes 
thicker, the wetted perimeter of a biofilm growing 
on (the outside of) an LDOF becomes larger as 
the biofilm becomes thicker. It would be interest-
ing to investigate whether the wetted surface of a 
biofilm growing on an LDOF will tend to develop 
splits that promote sloughing, and thereby facili-
tate release of the elemental sulfur formed in the 
biofilm.

The use of LDOFs as a substratum would also 
facilitate the use of compact, semi-conductor light 

sources, such as diode lasers or the increasingly 
powerful and economic LEDs. The attrac-
tions of such sources are multiple (Bertling et 
al., 2006): electrical energy is converted into 
photosynthetically active light with a higher 
efficiency than is possible with incandescent 
sources; there is less waste heat to dispose of; 
the sources are compact; etc. Syed and Henshaw 
(2005) have recently used LEDs as a light 
source for their phototubes, and Bertling et al. 
(2006) have demonstrated that Rhodobacter 
capsulatus can be cultivated with semi-conductor 
lasers emitting light strongly absorbed by the 
bacteria’s light-harvesting BChl (in vivo). It is 
noteworthy that in both cases growth per unit 
energy supplied was up to three times greater 
with light from the semi-conductor than with 
light from an incandescent source. We urge 
researchers in phototrophic BSR to characterize 
completely the light used in their experimental 
systems (see Section IV.G). We also suggest 
that they form links with researchers in optics 
or electrical engineering laboratories, where 
spectral analyzers and power density meters are 
standard items, and where, most importantly, 
correct advice about radiometry and optics can 
be obtained.

It has been demonstrated experimentally with 
a mixed biofilm community dominated by GSB 
and containing some chemotrophic sulfidog-
ens that the interruption of irradiation not only 
caused the biofilm to cease removing sulfide, 
but caused the biofilm to become a net source 
of sulfide. Such behavior has three clear impli-
cations for a full-scale embodiment of the tech-
nology. Firstly, if the sulfide-removal process 
were to be operated during night-time, an artifi-
cial light source would be necessary. Secondly, 
even if the process were not required to run 
during night-time, the sulfide formed overnight 
would have to be removed during the follow-
ing day, and this would increase the long-term 
average radiant power requirement of the proc-
ess. Finally, because an increased sulfide con-
centration could have an undesirable impact in 
the sewer downstream, it would be necessary to 
consider the risk posed by an interruption to the 
electricity supply. Hence, if this technology ever 
reaches the pilot stage, the sulfide-generating 
characteristics of the reactor in the dark should 
be thoroughly investigated.
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Summary

X-ray absorption spectroscopy (XAS) is an in situ technique which combines the advantages of a local 
probe technique with the high penetration strength inherent to X-rays, such as no need for long range 
order and the ability to obtain information on selected sites of a given sample only. Therefore, this 
technique is applicable to a broad variety of scientific topics, including many applications to elucidate 
the chemical speciation of sulfur in phototrophic organisms. The first part of the chapter provides an 
elementary introduction to the physical background and method, whose application to a broad variety 
of problems is discussed in detail, followed by detailed examples and explanations on X-ray absorption 
near edge structure (XANES) measurements of sulfur compounds. In the second part, examples of suc-
cessful applications of XANES analyses of bacterial sulfur globules of purple and green sulfur bacteria, 
the wheat gluten network, and sulfur in host–plant interactions are presented.

I. Introduction

X-ray absorption spectroscopy (XAS) has been 
used extensively in recent years to probe the chemi-
cal forms of various elements (especially sulfur) in 
different biological, agricultural and environmental 
systems by investigating X-ray absorption near edge 
structures (XANES) (e.g. Schulze and Bertsch 1995; 
Prange and Modrow 2002; Akabayov et al. 2005 
and references therein) as well as for investigating 
topics related to structural biology using extended 
X-ray absorption fine structures (EXAFS) (e.g. 
Yachandra 1995; Penner-Hahn 2005 and references 
therein). Whereas ten years ago only a very few
hits for the keywords “XANES, sulfur and biology” 
could be found in literature databases, today, some 
hundred references can be found. Thus, X-ray spec-
troscopy techniques have become more common 
in biological and applied sciences. Furthermore, 
in recent years different topics have been reported 
related to phototrophic organisms and also the 
investigation of special questions elucidating sulfur 
speciations in phototrophic bacteria and plants.

II. X-ray Absorption Spectroscopy – an 
Elementary Introduction

Whenever one plans to apply a spectroscopic 
technique to a biological system, there are three 
key difficulties to overcome: The first of these is 

understanding the physics behind the method, in 
order to understand what may (and, just as impor-
tant, what may NOT) be derived from it. The 
aim of this section is to solve this difficulty with 
respect to X-ray absorption spectroscopy in a rel-
atively “soft” way, i.e. using as little (mathemati-
cal) formalism as possible without sacrificing too 
much precision. More rigorous introductions to 
this topic can be found in the literature (e.g. Stoehr 
1996; Behrens 1992a,b; Prange and Modrow 
2002; Hormes and Modrow 2003; Modrow 2004). 
The second difficulty resides in the fact that bio-
logical samples tend to be complex. Therefore, in 
an ideal world one would like to apply a spectro-
scopic technique which allows for a selective gain 
of information on selected parts of the biomate-
rial under investigation. Last but not least, sam-
ple preparation is a critical issue more often than 
not, because usually it is difficult to make sure 
that the preparation does not affect the sample. 
Thus, in an ideal world, all investigations would 
be in situ (keeping the sample under conditions in 
which it really is found in nature) and involve as 
little “uncontrolled” sample manipulation (such 
as drying, freezing, crystallizing, concentrating, 
etc.) as possible while allowing at the same time 
for monitoring effects of controlled changes, for 
example, changing the pH value of a solution the 
biological molecule is in.

So why use X-ray absorption spectroscopy, 
which usually means that one has to write a 
proposal to obtain user time at and the need to 
travel for several days to one of the synchro-
tron radiation sources? The motivation to do so 
is that both the second and third problem can 
be met when using X-rays as an analytical tool. 
As a matter of fact, we all know from personal 

Abbreviations: EXAFS – Extended X-ray absorption fine 

structure; NEXAFS – Near edge X-ray absorption fine struc-

ture, UHV – Ultra high vacuum; XANES – X-ray absorption 

near edge structure; XAS – X-ray absorption spectroscopy; 

XPS – X-ray photoelectron spectroscopy; XRD – X-ray 

diffraction
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experience (airport security, medical X-ray 
imaging, …) that they feature high penetration 
strength and can distinguish between different 
elements, because at a given energy the prob-
ability for an X-ray photon to be absorbed by a 
different type of atom is different. “Absorbed” 
means that the energy contained in the photon is 
transferred completely to the atomic system, and 
the only thing that can happen in the atom with 
this energy input is an excitation process: One of 
the electrons is removed from its original state and 
transferred to an excited state, as schematically dis-
played in Fig. 1a. This process can occur whenever 
the photon energy is larger than the binding energy 
of the electron which is to be excited in the atomic 
system, and it happens dominantly to the electron 
whose binding energy is the “best match”, i.e. the 
most tightly bound electron which can be excited. 
This implies that with increasing photon energy 
whenever a new excitation channel is opened, a 
notable increase in the probability that an absorp-
tion occurs, i.e. in the cross section, which is fre-
quently called “edge jump”. At the same time, the 
set of binding energies of the electrons in a given 
atom is as unique for an atom as a fingerprint for 
a human being (Mosley’s law)! This is actually 
how the element selectivity comes into play: By 
varying the energy of the X-rays in the vicinity of 
the ionization threshold of the target-element on 
which information is to be gained, the change in the 
observed signal is dominated by the contribution of 
this target element. This is exactly what is done in 
an X-ray absorption spectroscopy experiment: The 
photoabsorption cross section is measured in small 
steps in the vicinity of an absorption edge. 

To obtain an energy-dependent measurement 
of this entity, evidently an X-ray source with a 
continuous spectrum is needed. It should be noted 
that whereas conventional X-ray tubes do provide 

this type of emission generated by bremsstrahl-
ung, it is so weak that normally (e.g. XRD (X-
ray diffraction) and/or XPS (X-ray photoelectron 
spectroscopy) ) experiments involving this type 
of source use the characteristic emission lines 
(e.g. Cu Kα), which are discrete in energy space 
but have significantly higher intensity. Therefore, 
the standard X-ray absorption spectroscopy setup 
is found at synchrotron radiation sources that 
offer a continuous spectrum combined with high 
intensity. At the same time, each single data point 
must be correlated to one photon energy, thus the 
experimental setup must involve a “filter” which 
allows only the selected wavelength to enter the 
detection branch of the experiment. In the X-
ray range, the method of choice to obtain this is 
Bragg-reflexion on a given set of crystal-planes 
with Miller-indices hkl and interplanar distance 
d

hkl
, which connects the Bragg-angle J

b
, under 

which a reflection occurs, and the wavelength λ 
of the photon by the relation:

nl = 2dhkl sin Jb

This implies that one obtains a discrete set of 
photon energies, corresponding to a base fre-
quency and its integer multiples, which are called 
“harmonics”. If one uses a single reflection in 
such a geometry, it would be necessary to rotate 
the entire experiment by 2ϕ whenever changing 
the Bragg angle by ϕ. In contrast to that, a dou-
ble reflection setup allows to work with a fixed 
experimental setup, which is the reason why dou-
ble crystal monochromators are the instruments 
of choice for monochromatization in an X-ray 
absorption experiment at synchrotron radiation 
facilities. A second advantage of working in a 
double reflection setup is that, both width and 
central position of the reflections of the harmon-
ics vary, which allows for a removal of harmonics 

Fig. 1. Left to right: (a) illustration of the photoabsorption process, (b) illustration of the Auger process (non-radiative 
deexcitation), and (c) illustration of the fluorescence process (radiative deexcitation).
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from the transmitted beam by slight detuning of 
the crystals. It should be noticed, however, that 
this implies a deterioration of the experimental 
resolution. More details on double crystal mon-
ochromators can be found, e.g., in Lemmonier 
et al. (1978).

The next question which arises is how to detect 
the absorption cross section µ. In the X-ray region, 
the most direct way to do so is to look for “miss-
ing photons”, i.e. analyzing the monochromatic 
flux before (I

0
) and after a sample (I), which are 

correlated by Beer’s law

I = I
0
e− md

The device of choice for the measurement of I 
and I

0
, respectively, is an ionization chamber 

in which electrodes at negative voltage collect 
the ions which are generated by the interaction 
between X-rays and a gas filling the chamber. 
It is crucial for this technique that the detected 
currents are not influenced by additional contri-
butions. Such contributions can occur, e.g. if pin-
holes are present in the sample, or if harmonic 
contributions, whose mean free path in matter is 
significantly higher than the first order transmit-
ted photon’s and whose relative contribution is 
thus increasing with increasing sample thickness, 
are not sufficiently suppressed. As a consequence, 
the spectral features will appear significantly 
broadened, where the broadening is a function 
of the intensity of the feature. The more intense 
the absorption is at a given point, the greater the 
influence of the additional contribution to the 
current. This implies that there is a concentration-
dependent limit that depends on the surround-
ing matrix, but lies at about 1%. Still, provided 
that sample are carefully prepared, then, even at 
low Z elements experiments can be performed in 
transmission mode, as discussed by comparison 
between measurements on in transmission mode 
and in the fluorescence mode described below.

An alternative approach to verify that an 
absorption process has occurred is the detection 
of secondary products of this process, which 
are directly proportional to the number of holes 
which has been generated (which in turn is 
dependent on the number of incoming photons 
– thus a measurement of I

0
 using an ionization 

chamber remains a necessity). As displayed sche-
matically in Fig. 1b and c, the absorption proc-
ess leaves an unoccupied state in an inner shell of 

the atomic system, which is filled quickly by an 
electron from a higher shell. The energy gained 
by this process is used either for the ejection of 
another electron from the atom – the so-called 
Auger process – or the emission of a fluorescence 
photon. The branching ratio between these proc-
esses is a function of the atomic number Z of the 
absorbing atom, for low Z the radiationless decay 
is favored whereas for higher Z the radiative 
process gets dominant. For electron detection, He 
flow-chambers, channeltrons and/or multichan-
nelplates are commonly used types of detec-
tors. In principle, there are two possible flavors 
of electron yield measurements: Total yield, i.e. 
without using any electron energy filtering, and 
partial yield, e.g. just collecting electrons belong-
ing to one given Auger transition. Whereas the 
first setup will provide much better count rates, 
the second offers the advantage of a much more 
defined sampling depth and homogeneity of the 
obtained in information. Further details on elec-
tron yield setups (as well as other setups) can be 
found, e.g., in Johnson (1983).

Two major difficulties are inherent to this 
detection mode: One has to make sure that the 
sample is not charged more and more during the 
measurement process, which would lead to a 
reduction of the probability for electron emission 
as a function of the measurement time and thus 
reduction of the detected current. This problem 
is mainly relevant for insulators and semicon-
ducting material. Secondly, electrons have a low, 
energy dependent mean free path length in matter. 
This means that one often loses the possibility to 
perform experiments in situ and/or under defined 
conditions, because even transmission through a 
thin window is not possible for an electron beam. 
On the other hand, using this technique provides 
a good surface-sensitivity.

Unfortunately, fluorescence yield, i.e. detec-
tion of the fluorescence photons by a semicon-
ductor detector such as a SiLi or a high purity 
Germanium detector or a Lytle chamber, can also 
be affected by a variation of the detection prob-
ability for the photons. This occurs, for example, 
in highly concentrated samples, where the absorp-
tion length for the fluorescence photon is lower 
or within an order of magnitude of the actual 
particle size; consequently self-absorption of the 
fluorescence photon in the sample occurs and 
structures are damped. Thus, fluorescence yield 
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is the technique of choice for small concentra-
tions of the target element within the sample. The 
lower concentration threshold is dependent on the 
actual beamline and the exact detection system 
which is used; measurements on target elements 
with concentrations in and even below the ppm-
range are possible. It should be stressed that for 
homogenous samples of course measurements in 
different detection modes yield identical results, 
if one has carefully avoided the pitfalls connected 
to each of the individual detection modes.

Next, one has to understand what all the detailed 
structures visible in the real spectra mean. To 
facilitate this understanding, the result of such a 
measurement is displayed schematically in Fig. 2. 
In the insert at the top, the general behavior of 
the absorption cross section as discussed at the 
beginning of this chapter is sketched. However, 
investigating this behavior in more detail, the 
absorption edge, i.e. the onset of the increase in 
the absorption cross section, is found at lower 
energies than the ionization edge. This is not 
really surprising, as excitations into unoccupied 
bound states should be possible. Perhaps it is 
more surprising that even at energies higher than 
the ionization threshold (which is NOT directly 
observable in an X-ray absorption spectrum), 
one does not observe a monotonic decline of 

the absorption cross section; instead oscillatory 
behavior is observed. This observation can be 
explained in a simple model if one recalls that 
in fact the photoelectron propagating through 
matter can be treated as a spherical wave, whose 
wavenumber k is connected with the energy of 
the incoming photon E and the ionization energy 
E

0
 by the relation

 

k
m

E Ee= −
2

2 0�
( )

 

where m
e
 represents the electron mass and h the 

normalized Planck’s constant.
This photoelectron wave, however, does not 

propagate through free space when the target 
atom is in a molecule or in a solid, but through 
an environment in which it is likely to undergo 
interaction – to be more precise, scattering proc-
esses. If now the outgoing wave and the backscat-
tered wave interfere one observes an interference 
pattern (which is visualized easily in two dimen-
sions by throwing a stone into a pond near the 
pillars of a bridge), as schematically displayed in 
Fig. 3a. On the other hand, varying the energy of 
the incoming photon varies the wavelength of the 
photoelectron, the interference pattern changes as 

Fig. 2. Schematic sketch of an experimental X-ray absorption spectrum and the different physical processes which lead to the 
different elements of the observed fine structure. (Figure adopted from Prange & Modrow (2002) X-ray absorption spectroscopy 
and its application in biological, agricultural and environmental research. Re/Views Environ Sci Bio/Technol 1: 259–276, kindly 
permitted by Springer, Berlin.)
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shown in Fig. 3b. Consequently, we may expect to 
see a series of constructive and destructive inter-
ference terms which contribute to the absorption 
cross section. Furthermore, the scattering prob-
ability will be a function of the energy of the pho-
toelectron, consequently in the energy region just 
above the absorption edge multiple scattering will 
be possible, and a large number of strong interfer-
ence terms will appear in the spectrum – and that, 
too, is just what is observed. So what we have just 
developed is some rough understanding of what 
makes the substructures appear in the spectrum: 
directly at the edge, one is dealing with transitions 
into unoccupied bound states, at higher energies a 
multiple scattering region with strong structures, 
finally a region in which the scattering probabil-
ity gets lower and lower so that single scatter-
ing takes over. For historical reasons, the first 
two regions are known as X-ray absorption near 
edge structure (XANES) – also called near edge 
X-ray absorption fine structure (NEXAFS) – by 
people working in the vacuum-ultraviolet energy 
region, the latter is known as the extended X-ray 
absorption fine structure (EXAFS). More rigor-
ous and homogenous approaches to the theoreti-
cal background of these effects are available in 
the literature (Rehr and Albers 2000; Modrow 
2004). 

What is now so “fine” about all this fine struc-
ture? Right at the absorption edge, excitations 
into unoccupied valence states are reflected by 
the spectrum. However, as chemistry modifies 
the valence state/the electronic structure of the 
elements, we should be able to learn something 
about the chemical environment of our absorber 
atom in the sample by analyzing that structure. 
On the other hand, the interference pattern is 
also characteristic for a given arrangement of 
the atoms surrounding the absorbing atom and 
allows for the extraction of information on its 

coordination geometry. So you do something 
that yields information similar to a combined 
XPS/XRD study – but due to the intrinsic pen-
etration strength of X-rays you do so without 
any need for an UHV (ultra high vacuum) appa-
ratus which is crucial for XPS or long range 
order without which XRD will not work. This 
means one can work in situ, phase-independent, 
and you do not have to worry about tedious 
creation of crystalline samples. By choosing the 
energy region of the scan, one can pick the ele-
ment of interest, even if it is sitting somewhere 
in the bulk, buried under a pile of material (i.e. in 
cases where today’s excellent microscopic tech-
niques with atomic resolution such as tunneling 
or atomic force microscopy fail) – there are no 
additional, confusing contributions from other 
elements to the data. As discussed below in some 
more detail, by choosing between different meth-
ods of detection, even the probing depth/degree 
of surface sensitivity of the experiment can be 
chosen in many cases.

But how does one actually learn something 
from this signal? Possibly one of the reasons why 
XANES spectroscopy has developed to a rather 
popular experimental technique is that a vast 
amount of valuable information can be extracted 
based on what is called “fingerprinting” – the 
comparison of the spectrum of an unknown sub-
stance to known reference compounds. To illus-
trate this principle, let us first have a look at a 
complicated unknown substance: A piece of tire, 
which has been heated under air (as you do when 
hitting the brakes that hard that you slide over 
the road). The mechanical properties of a tire are 
mainly determined by number and length of the 
sulfur cross-links between its polymer backbones, 
and to check out what has happened to these sul-
fur atoms, one can run a XANES spectrum at the 
sulfur K-edge, which is shown in Fig. 4a. Next, 
one should think about what might be suitable 
reference compounds if a sulfur atom acting as 
a bridge between two polymer backbones is oxi-
dized: One needs a sulfane/sulfide, a sulfoxide, 
a sulfone and a sulfate. Corresponding reference 
spectra are displayed in the lower part of Fig. 4a. 
Evidently, there is a clear trend for the absorp-
tion edge in these reference spectra to shift to 
higher energy with increasing formal oxidation 
state. This behavior is known as “chemical shift”. 
The general principle behind this trend is easily 

Fig. 3. (a) (left) and (b) (right): Illustrating constructive 
and destructive interference of outgoing and backscattered 
electron wave. Recall that the wavelength of the photoelec-
tron depends on the energy of the incoming photon.
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understood: If charge is withdrawn, the remain-
ing electrons are bound more strongly to the core 
(as reflected by the fact that the second ionization 
energy is always higher than the first), resulting 
in an increase in excitation energy. Also, have 
a look at the relative intensity of the white line: 
With increasing formal oxidation number, its area 
increases. In fact, this area increase is what we 
should see according to general understanding of 
a chemical bond: The more electronegative the 
binding partner, the weaker the contribution of 
the sulfur atom to the occupied, binding orbitals. 
Consequently, there is a stronger contribution to 
the antibinding orbitals into which excitation can 
occur.

Both effects, chemical shift and the analysis of 
white line areas, can be utilized to obtain quan-
titative information on the formal valency of an 
unknown material: One obtains a set of refer-

ence samples with known valency, uses one or 
both criteria to create a “scale” and uses this scale 
to obtain a value for this property. Examples for 
this approach can be found, e.g., in Capeheart et 
al. (1995) and Pantelouris et al. (2004). It should 
be stressed, however, that these scales must be 
treated with care, because there are numerous 
exceptions to these rules, which are easily inter-
preted physically. For example, if one compares 
systems in which different types of hybridization 
are involved, one can run into problems.

The resolving power of this method with 
respect to the chemical environment of the 
absorbing atom goes much beyond the formal 
valency: In Fig. 4b, the spectra of reference 
compounds for the crosslinks are shown, whose 
chainlength varies. Evidently, it is easily possible 
to distinguish between the monosulfidic chain 
(monosulfane) and all the other chains, because 

Fig. 4. (a) Sulfur K-edge XANES spectrum of a tire which has been subject to thermooxidative aging (top) and sulfide, sul-
foxide, sulfone and sulfate-reference spectra (bottom, left to right). Note the increasing white line area with increasing formal 
oxidation state. (b) Sulfur K-XANES spectra of di-octenyl mono- (solid), di- (dash), tri- (dot) and tetra- (dash dot) sulfanes.
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in the former case only one type of bond is 
present (S-C σ*, as calculations show), whereas 
in the other case also the S-S π* bonds contribute. 
But even the varying chain length leads to clear 
and systematic differences in the corresponding 
absorption spectra. A more detailed discussion 
of the information which can be obtained, e.g., 
at the sulfur K-edge is given, e.g., by Vairava-
murthy 1998; Chauvistré et al. 1997; Flemming 
et al. 2001; von Busch et al. 2003). From Fig. 4a 
it is also evident that the spectrum of the oxidized 
tire appears to be composed from the spectra of 
the oxidic reference spectra. This is due to the 
fact that XANES is a local probe technique and 
that XANES spectra from target atoms in different 
chemical environments are additive. It is even pos-
sible to quantify the respective contributions to the 
spectrum, e.g. by doing a least squares fit or princi-
pal component analysis. Detailed examples for the 
application of this approach on biological samples 
are discussed below, some other instructive studies 
on a broader class of materials are, e.g., Modrow et 
al. (2001) and Beauchemin et al. (2002).

Already at this point of our discussion, it should 
be stressed that this high sensitivity is not only a 
positive feature, but has a clear drawback, espe-
cially when one is operating on a mere fingerprint-
ing basis, because a missing reference spectrum 
can lead to results which cannot be interpreted, 
even if from a biochemical point of view it may 
appear like a “near miss”. That means, when opt-
ing for this kind of experiment, one should try to 
cover all reasonable reference compounds.
Still, this already extremely detailed information 
on the local electronic structure is not the only 
information which can be obtained from X-ray 
absorption spectroscopy; so far we have not yet 
made any use of the “interference pattern”. To 
illustrate its importance, in Fig. 5 the (calculated) 
iron K-edge XANES spectra of α- (bcc, based 
centred cubic) and γ- (fcc, face centred cubic) iron 
are displayed. In both cases, iron is surrounded by 
iron atoms, but one is dealing with two different 
geometrical arrangements of iron atoms in cubic 
symmetry. Naturally, in both cases one is dealing 
with Fe(0)- so no notable shifts of the absorption 
edge are expected – which is confirmed. How-
ever, one observes changes in details in the elec-
tronic structure (which are induced by different 
hybridization of the atomic orbitals) as well as 
dramatic changes of the strong structures in the 

multiple scattering region above the absorption 
edge, which for historical reasons are frequently 
called “shape resonances”. For the analysis of 
this “geometry”-part of the near edge structure, 
fingerprinting can be applied, too, even though it 
is much less straightforward. In fact, Stoehr et al. 
(1984) have shown that in suitable systems even 
the bond length can be determined from XANES 
spectra with a ruler. 

Even though a vast amount of qualitative evi-
dence can often be derived using fingerprint tech-
niques, there is some degree of dissatisfaction 
when doing so due to two unanswered questions: 
(1) How can one determine how suitable a refer-
ence material really is and whether a general trend 
can really be trusted? (2) How can one obtain suit-
able references, as there is a number of systems 
for which this is very difficult because the rel-
evant chemical environment is stable only under 
very special conditions? Only if one can assign 
certain spectral features to a given type of bond or 
(to a change in the) atomic environment, it is pos-
sible to understand the observed changes in the 

Fig. 5.    Calculated iron K-edge XANES spectra of α- and γ-iron.
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near-edge spectra in sufficient detail. To come to 
such a correlation, two general approaches can be 
followed, which rely on either molecular orbital 
(MO) or scattering theory, respectively. MO the-
ory and XAS have been applied extremely suc-
cessfully for hydrocarbons (Hormes and Modrow 
2003 and references therein), but the inherent 
problem is that a precise calculation is rather 
costly for systems which contain a large number 
of electrons (in a Hartree-Fock method, it would 
scale with the fourth power of the number of 
electrons involved) and relativistic effects gain 
importance with increasing Z.

Also, MO methods show intrinsic weaknesses 
and a trend to basis-set induced artefacts when 
applied for the description of unoccupied states, 
and in most cases their application is only possible 
on a ground-state level, which makes a direct cor-
relation between calculated states and the meas-
ured spectra difficult. To illustrate what we can 
learn from molecular orbital theory in spite of all 
of these drawbacks, let us compare the XANES 
spectra of two more sulfur-containing mole-
cules, methyl-1,3-dithionate (MDT) and cyclo-
hexenesulfide (CHS) as shown in Fig. 6. In the 
first case, two sulfur atom are integrated in non-
neighboring positions together with four carbon 
atoms into a six-ring. In the cyclo-hexenesulfide 
molecule, one sulfur atom is connected to a ring 
consisting of six C atoms. Comparing the two 
spectra to each other, in both cases we observe 
a double structure, but in the case of the cyclo-
hexenesulfide it is shifted significantly to lower 
energies (which is quite counterintuitive, as the 
environment should be more eager to draw elec-
trons in this configuration, so any shift should go 
to the opposite direction). There are two evident 
questions: (a) Why do we see a doublet structure 
– after all, there should be one bond type, should 
it not? (b) Why is it shifted? When running den-
sity functional calculations using a B3LYP poten-
tial, first of all the local projected charge density 
at the sulfur atom(s) confirms that the energy 
shift is contraintuitive: In fact, in the MDT case 
there is a local positive charge of 0.19 whereas 
positive charge in the CHS case is 0.3. Thus, the 
chemical shift should occur to the other direction. 
However, the calculations reveal the origin of the 
second structure: apart from the σ-type S-C bond, 
the out-of plane S p-orbitals couple significantly 
into the delocalized ring-orbital, and in fact it 

turns out that this orbital is energetically less 
favorable in the MDT case, but more favorable 
in the CHS case. This clarifies at once why we 
do not see the expected chemical shift: It can be 
observed between identical types of orbitals, but 
if their respective order is changed, the argument 
can break down. The calculated splitting between 
the respective orbitals within each molecule is 
about 2 eV and thus appears to be overestimated 
by the calculation, but the relative intermolecular 
shifts in the position of the respective upper and 
lower transitions are 0.6 and 0.8 eV respectively 
and thus close to the experimentally observed 
result. Thus, even though a direct reproduction 
of the near edge spectrum is not possible based 
on these ground-state calculations, a significantly 
improved understanding of the spectral features 
is achieved. Further examples can be found, e.g., 
in Flemming et al. (2001) and von Busch et al. 
(2003). 

To illustrate the possibilities of interpreta-
tion using the scattering theoretical approach, 
let us analyze the spectra of the chromium(III)-

Fig. 6. Sulfur K-edge XANES spectra of methyl-1,3-,dithion-
ate (solid) and cyclo-hexenesulfide (dashed).
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compounds with varying electronegativity of their 
respective environment (the interested reader can 
read the entire story in Pantelouris et al. (2004) ). 
On the fingerprint level, once again the shift 
towards higher energy with increasing donation 
of electrons to the more electronegative binding 
partner is easily verified. The same holds for the 
increase in white line intensity. All of these com-
pounds feature an octahedral environment of the 
chromium atom. In fact, calculating the atom- 
and l-projected densities of states with the FEFF8 
code (Ankudinov et al. 1998), as shown in Fig. 7, 
one can easily achieve a direct assignment of fea-
tures in these plots to the splitting predicted from 
ligand field theory for an octahedral environ-
ment. Consequently, it is possible to assign spec-
tral features to given bond-types using this type 
of approach. Based on this assignment for a set of 
suitable references it is then possible to interpret 
changes in also complex spectra for which finger-
printing is impossible.

However, the analysis of these plots shows also 
another effect: With increasing bond strength, the 
splitting between the respective occupied and 
unoccupied orbitals increases contributing to an 
increasing chemical shift. But at the same time, 
even a simple Hartree-Fock based calculation 
shows that this variation of ligands leads to a 
change of several eV in the energy level of the 1s 
orbital. This is easily understood when bearing in 
mind that, e.g., the orbitals in an ionized system 
contract. Consequently, two different effects par-
ticipate in the chemical shift. However, the order-
ing of molecular orbitals is strongly influenced 
by the coordination geometry, and consequently 
this has to be taken into consideration when try-
ing to establish a connection between white line 
positions and formal valency.

You may ask now why anyone does EXAFS 
spectroscopy, bearing in mind the superb sen-
sitivity of the near edge structure on the local 
geometry. In fact, whereas XANES can distin-
guish between a square and a rectangular arrange-
ment of four atoms in identical distance from 
the absorber atom, EXAFS cannot. But the big 
drawback of working with the near edge struc-
ture for structural analysis is that presently there 
is no way for a direct analytical extraction of 
information on the geometric environment of the 
absorber atom. Partly, this is just due to this sen-
sitivity: as many multiple scattering paths (only 
these contain angular information) contribute 
and electronic valence structure is important, the 
corresponding calculations are too demanding to 
allow for systematic optimization of the model.

In contrast to that, in the EXAFS region ana-
lytical extraction of structural parameters is pos-
sible, as shown by Sayers et al. in the seventies 
(Sayers et al. 1971; Koningsberger and Prins 
1988 and references therein). At first sight, the 
formula which describes the oscillations in this 
region looks quite complex:
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This expression represents a summation over 
all different coordination shells j. Each of these 

Fig. 7. Chromium K-edge XANES spectra of Cr(III) com-
pounds with varying electronegativity of the binding partner. 
Note the increased relative intensity of the white line and its 
shift to higher energies with increasing electronegativity of 
the binding partner.
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coordination shells is connected with a set of 
specific variables, such as the number of atoms 
in the shell, the distance from the target atom to 
the scatterer r

j
, a structural disorder parameter σ

j
 

which is commonly called Debye-Waller Fac-
tor and the scattering phase and amplitude of 
the backscatterer Φ

j
 and F

j
, from which the type 

of scattering atom can be deduced. Typically, 
distances can be determined to a precision of 
about 1%, coordination numbers to about 20% 
and the type of backscatterer to Z + /−2. As the 
following discussion of the application of X-ray 
absorption spectroscopy on sulfur in biological 
systems will focus on XANES spectra, we refer 
the more interested reader for more detailed dis-
cussion of the EXAFS formula and the details of 
the analysis and interpretation of EXAFS spectra 
the literature (e.g. Sayers et al. 1971; Konings-
berger and Prins 1988).

As final issue, before turning to the discussion of 
the application of X-ray absorption spectroscopy for 
the detection and identification of sulfur compounds, 
one should stress once again that all of the informa-
tion that can be derived from XAS is related to the 
local environment, i.e. the “information depth” of 
the technique is limited to a distance of about 5–8 

Å from the target atom. On the one hand, this means 
that using this technique, e.g., distances between 
the atoms in a single molecule can be determined, 
implying that one can work with amorphous materi-
als, liquids, etc. and no crystals are necessary.

III. X-ray absorption-near edge 
structure (XANES) Spectroscopy 
Measurements of Sulfur Compounds

In the following, the more general remarks from 
the previous section will be further clarified by 
discussing some specific examples of sulfur 
K-edge XANES spectroscopy. The first point 
to be discussed is the determination of valency 
for XANES spectra. Figure 8 shows the spectra 
of three sulfur containing compounds with the 
major valencies of sulfur, namely + II, + IV and 
+ VI. As one can see from this figure there is a 
“huge” (more than 6 eV!) chemical shift between 
the maxima of the white lines for valency + II and 
valency + VI indicating already the pronounced 
sensitivity of sulfur K-XANES for the chemi-
cal environment. As was discussed before, this 
chemical shift can be used as a “ruler” that can 

Fig. 8. Sulfur K-edge XANES spectra of compounds with sulfur in valency +II, +IV, and +VI.
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be used to determine the valency of sulfur in an 
unknown compound just by using the position of 
the white line. The corresponding ruler – show-
ing again a linear dependence between the formal 
valency and the energy position of the maximum 
of the white line – is shown in Fig. 9.

As was discussed before, XANES spectra do 
not just reflect the electronic structure of the 
atomic species of interest but also the geomet-
ric structure, for example the local symmetry. 
However, in some cases XANES spectra are also 
influenced by the medium range order arrange-
ment around the atom of interest. The “standard 
form” of sulfur is the S

8
 ring (cyclo-octasulfur), 

however, it is well known that sulfur can form 
also different ring structures with 6, 12 and 14 
atoms (Steudel 2000) and sulfur is also found 
without a closed ring structure as “polymeric sul-
fur” with sulfur chains of different lengths. The 
sulfur K-edge XANES spectra of all these sulfur 
compounds are shown in Fig. 10. As the valency 
of the sulfur atoms and also the electronegativ-
ity of the neighbors is identical for all five com-
pounds, the peak position of the white line is at 
the same energy for all compounds. However, 

there are significant differences in the intensity 
of the white line where S

8
 has the lowest and the 

polymeric sulfur the highest intensity. The inten-
sity of the various ring structures is obviously not 
just a function of the number of atoms in the ring 
but it is determined by the details of the geomet-
ric arrangement. It should be noted that there are 
also differences in the fine structure of the white 
lines and in the region of the “shape resonances” 
reflect the geometric structure.

The extreme sensitivity of sulfur K-XANES 
against the chemical environment is on one hand 
a “blessing” as it offers the opportunity to derive 
detailed information from the spectra, on the 
other hand it is also a “curse” as it is necessary to 
have reference compounds with a chemical envi-
ronment identical at least to the second coordina-
tion if one tries to do a quantitative analysis by 
fitting spectra.

The crucial importance of high quality refer-
ence compounds is illustrated by Fig. 11. This 
figure shows the sulfur K-edge XANES spectra 
of a group of disulfanes. All the spectra show 
– more or less clearly – two peaks from which the 
high energy one is assigned to S 1s → σ* (S-C) 

Fig. 9. The “valency ruler” for sulfur K-edge XANES spectra: maximum of white line vs. formal valency.
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and the low energy one to S 1s → σ* (S-S). As 
this fact in itself is again very positive as it allows 
to distinguish spectroscopically between C-S and 
S-S bonds which is very difficult – if possible at 
all – using other spectroscopic techniques – the 
spectra in Fig. 11 show also significant differ-
ences regarding (mainly) the energy difference 
between the two resonances. A detailed analysis 
of the spectra showed that the energy position of 
the σ* (S-S) resonance is constant within an inter-
val of less than 0.2 eV whereas the splitting of 
the two resonances is changing between 1.06 and 
1.9 eV. So the differences in the spectra of Fig. 11 
are caused by changes in the energy position of 
the σ* (S-C) resonance. This is not really aston-
ishing as the S-C bond is much more affected by 
a change of the substituents than the “central” 
S-S bond. Chauvistré et al. (1997) could actually 
show that this splitting is correlated with the 
S-C bond length or in other terms with the bond 
strength. Without further discussion, it is obvi-
ous from Fig. 11 that fitting the spectrum of an 
“unknown” compound with the goal of a quan-
titative analysis of sulfur chain lengths with the 
“wrong” reference compound will lead to com-

pletely false results. What was discussed here for 
the biologically more relevant case of disulfidic 
compounds is of course also true for compounds 
with longer sulfur chains that are required, for 
example, for the quantitative analysis of sulfur 
networks in rubber.

The molecules discussed by Chauvistré et al. 
had structural differences in the second coordina-
tion shell so that one could assume that a refer-
ence compound that models correctly at least that 
shell should be suitable for a quantitative analy-
sis. However, there are several cases where even 
differences in the third coordination shell result 
in significantly different spectra. As changes are 
expected to be most obvious for the σ* (S-C) such 
investigations have been carried out for a group of 
4 symmetric monosulfanes, namely (CH

2
CH)

2
S 

(vinyl monosulfane) C
6
H

5
C

2
)

2
S (phenyl mono-

sulfane), ( (CH
3
)

3
SiC

2
)

2
S (silyl monosulfane) 

and ( (CH3)3C3)S (t-butyl monosulfane). Figure 
12 shows the sulfur K-edge XANES spectra of 
those compounds. At first sight, there are several 
striking differences between the spectra in Fig. 
12 and also those in Fig. 11. There is a energy 
shift of about 0.7 eV between the maxima of the 

Fig. 10. Sulfur K-edge XANES spectra of various sulfur rings and polymeric sulfur; from bottom to top: S
8
 (dash), S

6
 (dash 

dot dot), S
14

 (dot), S
12

 (dash dot), and polymeric sulfur (solid).



474 Alexander Prange et al.

white lines of the alcynilic sulfanes on the one 
and the vinylic sulfane on the other side – that 
can be explained by the differences in the chemi-
cal environment of the carbon atom located in the 
first coordination shell – and there are significant 
differences in spectra of the three alcinylic com-
pound whereas for the sulfanes in Fig. 10 just 
small variations of shape and peak position on 
the white lines are visible. This extreme sensitiv-
ity of the alcinylic sulfanes can be understood as 
a direct consequence of the triple bond between 
the first and the second coordination shell car-
bon atom. Whereas in other cases the electronic 
effects caused by the modification of the end 
group are “split” between the other ligands and 
the sulfur atom, such a splitting is impossible in 
the alcinylic case. Though alcinylic molecules do 
not play an important role in biology, the exam-
ples discussed in Fig. 11 demonstrate clearly that 
extreme care is necessary when choosing refer-
ence samples for a fingerprint analysis of sulfur 
K-edge XANES spectra or the second and third 
coordination shell can also influence the spectra 
significantly.

IV. Application of XANES Spectroscopy 
to Investigate Sulfur in Phototrophic 
Organisms

In recent years, the application of X-ray absorption 
spectroscopy, XANES and EXAFS, to investigate 
different chemical elements related to different top-
ics of phototrophic organisms has been reported, 
e.g. studies of heavy metal accumulation or coor-
dination of metalloenzymes from plants. XANES 
spectroscopy has also been used for investiga-
tions of sulfur metabolism, sulfur in proteins 
and different sulfur compounds in different pho-
totrophic organisms. For example, sulfur globules 
of phototrophic sulfur bacteria (Prange et al. 1999; 
2002a,b,c; Pickering et al. 2001), elemental sulfur 
utilization by Allochromatium vinosum (Franz et al. 
2007), sulfur in the wheat gluten network (Prange 
et al. 2001, 2003, 2005a), sulfur in onions (Yu 
et al. 2001; Lichtenberg, H., Prange, A., de Kok, 
L., Hormes, J. unpublished), sulfur speciation in
 coffee beans (Prange et al. 2005b; Lichtenberg 
et al. 2007), sulfur in host–plant interactions 
(Prange et al. 2005c), sulfur-containing species in 
horseradish and wasabi (Yu et al. 2001).

In the following sub-sections, three examples 
will show the usefulness of XANES spectros-
copy to investigate sulfur speciation in complex 
biological systems: (1) purple and green sulfur 
bacteria, (2) gluten network and (3) host–plant 
interactions. Furthermore, the ‘quantitative anal-
ysis’ and spatially resolved XANES spectroscopy 
will be elucidated.

A. Sulfur in Sulfur Globules of Phototrophic 
Sulfur Bacteria

Reduced inorganic sulfur compounds such as 
sulfide, polysulfides, elemental sulfur, sulfite, 
polythionates and thiosulfate are oxidized and 
used as electron donors for energy generating 
systems by many phototrophic bacteria (e.g. 
Brune 1995; Dahl et al. 2002; Dahl and Prange 
2006). In many cases, sulfur globules of sulfur 
in the “zero” oxidation state (“elemental sulfur”) 
are formed as intermediate of reduced sulfur com-
pound oxidation and are either stored inside (e.g. 
Chromatiaceae) or outside the (e.g. Ectothiorho-
dospiraceae, Chlorobiaceae) of the cells. 
Although the sulfur globules of purple sulfur bac-
teria and green sulfur bacteria have been known 

Fig. 11. Sulfur K-edge XANES spectra of various disulfanes; 
from top to bottom: di-benzyldisulfane (a), bis-(2,3-
dimethyl-2-butenyl)disulfane (b), di-(2-butenyl)disulfane 
(c), di-tert-butyldisulfane (d), di-methyldisulfane (e), di-
isopropyldisulfane (f), di-(butyl)sulfane (g), and di-phe-
nyldisulfane (h).



Chapter 23 X-ray Absorption Spectroscopy of Phototrophic Organisms 475

for more than a century (Winogradsky 1887; van 
Niel 1931; Trüper 1984, Dahl and Prange 2006) 
and although essential for a thorough understand-
ing of the sulfur metabolism in these organisms, 
the exact chemical nature of the stored sulfur was 
not clarified until in situ XANES spectroscopy has 
been used to investigate the chemical speciation 
of the globules (Prange et al. 1999, 2002a, b, c). 
Prange et al. used sulfur K-edge XANES to probe 
the forms of sulfur in situ in different phototrophic 
bacteria as well as some chemotrophic sulfur bac-
teria. By fitting the XANES spectra with suitable 
reference compounds (see below), evidence for at 
least three different sulfur speciations in bacterial 
sulfur globules was obtained: Cyclo-octasulfur 
was found in Beggiatoa alba and Thiomargarita 
namibiensis, long-chain polythionates are present 
in the chemotrophic sulfur oxidizer Acidithioba-
cillus ferrooxidans, whereas the sulfur globules of 
the phototrophic sulfur bacteria consists of long 
sulfur chains, most probably terminated by organic 
residues (mono- or bis-organyl polysulfanes), irre-
spective of whether the sulfur globules are depos-
ited inside (Allochromatium vinosum, Thiocapsa 
roseopersicina, Marichromatium purpuratum) 
or outside the cells (Halorhodospira halophila, 

Halorhodospira abdelmalekii, Chlorobium 
vibrioforme) (Prange et al. 2002a). Furthermore, 
fitting the XANES spectra indicated that the 
organic residue seems to be a “glutathione group” 
(Prange et al. 2002a, b). From the results obtained 
by XANES spectroscopy and the quantitative 
analyses (see below), a clear correlation between 
sulfur speciation and occurrence of oxygen dur-
ing growth of the bacteria can be deduced. While 
sulfur chains occur in the anaerobically grown 
phototrophic sulfur bacteria, cyclo-octasulfur and 
polythionates were found in aerobically grown 
organisms. Furthermore, sulfur of isolated sulfur 
globules from anaerobically grown A. vinosum 
cells was found as cyclo-octasulfur, indicating the 
influence of oxygen. The results indicate that the 
speciation of sulfur in the sulfur globules reflects 
the different ecological and physiological proper-
ties of different “types” of bacteria (Prange et al. 
2002a) which is in good accordance with previous 
findings by, e.g., Hageage et al. (1970), Guerrero 
et al. (1984), Steudel and Albertsen (1999) and 
others. However, the investigation of sulfur 
globules of phototrophic bacteria by XANES 
spectroscopy by Prange et al. (1999, 2002a) and 
Pickering et al. (2001) yielded partly comparable 

Fig. 12. Sulfur K-edge XANES spectra of (CH
2
CH)

2
S (= vinyl monosulfane), C

6
H

5
C

2
)

2
S (= phenyl monosulfane), ( (CH

3
)

3
SiC

2
)

2
S 

(= silyl monosulfane), and ( (CH3)3C3)S (= t-butyl monosulfane).
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experimental data but were interpreted in quite a 
different way by the two research groups. Picker-
ing et al. (2001) concluded on the basis of theo-
retical considerations that the sulfur is “simply 
solid S

8
”. The discrepancies and discussion detail 

around this topic focuses on the measurement 
mode and physics (George et al. 2002; Prange et 
al. 2002c), however, Kleinjan et al. (2003) stated, 
that the model for the sulfur globules of A. vinosum 
by Prange et al. corresponds best with the available 
experimental data.

The oxidation of sulfide to “elemental sulfur 
globules” and the further oxidation of the stored 
sulfur to sulfate was investigated in more detail 
in the case of A. vinosum (Prange et al. 2002b). 
In batch culture, sulfide oxidation to sulfate by 
A. vinosum and also other phototrophic bacteria 
proceeds in a biphasic manner. Firstly, sulfur is 
accumulated in globules stored in the periplasm, 
as long as sulfide is present in the medium (Patta-
ragulwanit et al. 1998). Secondly, further oxida-
tion of the stored sulfur starts and results in sulfate 
accumulation (Brune 1989). Figure 13 shows the
 XANES spectra and the corresponding fits of 
A. vinosum 1, 6 and 10 h after the cells (grown 
photoorganoheterotrophically) had been transferred 
to sulfide-containing medium; Table 1 shows the 
results of fitting the XANES spectra.

A set of six reference spectra was used 
(reduced and oxidized glutathione, di-methyl-
sulfoxide, di-octenyltrisulfane (R-S

3
-R, R = -

C
2
H

2
C

5
H

10
CH

3
), polymeric sulfur and zinc sulfate) 

for fitting the spectra using the MINUIT fitting 
routine (Prange et al. 2002b). A χ2-criterium was
 used to find the linear combination of these 
spectra which reproduces the XANES spectra of 
A. vinosum with the highest probability. In general, 
non-statistical errors may occur from deviations 
in energy calibration, an incomplete set of refer-
ence spectra or from reference spectra which do 
not monitor exactly the local environment of sul-
fur; the errors of the percentage contributions can 
be estimated smaller than ±10% (absolute value) 
(details: Modrow 1999; Prange et al. 2002a). The 
XANES spectra of compounds which seem to be 
representative and yield the best fits were used for 
fitting the S K-edge XANES spectra to specify the 
forms of sulfur in a quantitative manner. However, 
it has to be kept in mind that the chosen spectra of 
reference compounds for the “quantitative analy-
sis” play the “key role” and must be performed 

very carefully with special regard to the atomic 
environment of interest.

By fitting the spectra, a quantitative descrip-
tion of the sulfur speciation during sulfide oxida-
tion to sulfate in A. vinosum was obtained. In the 
sulfur globules of A. vinosum 1 hour after exposi-
tion to sulfide, polymeric sulfur is the dominant 
sulfur species (≈67%). Furthermore, the presence 
of the “initial, short chains” at the beginning of 
sulfide oxidation is indicated by the occurrence 
(≈32%) of the trisulfane. After one hour, sulfide 
oxidation and formation of the sulfur globules 
are still in progress (Prange et al. 1999). Thus, 
the presence of a considerable amount of short 
“initial chains” can be expected. After 6 h, the 
degradation of the sulfur globules is already in 

Fig. 13. Sulfur K-edge XANES spectra of Allochromatium 
vinosum (solid) recorded 1 hour (a), 6 hours (b) and 10 
hours (c) after the cells had been transferred to sulfide-
containing medium and corresponding MINUIT fits (dot). 
(Figure adopted from Prange et al. (2002) Investigation of 
S-H bonds in biologically important compounds by sulfur 
K-edge X-ray absorption spectroscopy. Eur Phys J D 20: 
589–596, kindly permitted by Springer, Berlin.)
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full progress, which is clearly indicated by the 
decreasing amount of sulfur chains (polymeric 
sulfur, ≈19%), the appearance (≈15%) of sulfate 
and the increasing amounts of reduced glutath-
ione (≈37%) and oxidized glutathione (28%). The 
presence of oxidized glutathione (C-S-S-C) might 
either be related to small sulfur chains and to the 
complete shortening of chains in case glutathione 
is the terminating group of the sulfur chains (see 
above). Alternatively, a combination of both spe-
cies (reduced and oxidized glutathione) might be 
use as an indicator for perthiol-groups. After 10 h, 
the final state of degradation, both polymeric 
sulfur and the initial chains have been removed 
completely and only the oxidized species and 
reduced glutathione contribute to the fit. There-
fore, XANES yielded clear evidence that the sul-
fur chains stored inside the sulfur globules of 
A. vinosum are gradually shortened during oxidation 
of sulfur chains to sulfate.

B. Sulfur in Wheat Gluten Proteins

The application of sulfur K-edge XANES spec-
troscopy for the investigation of sulfur in wheat 
gluten proteins is an example which demonstrates 
the usefulness of XANES to investigate a com-
plex plant protein system. The gluten proteins 
mainly determine the baking quality of wheat and 
the rheological properties of doughs. They are 
classified by their molecular weight and amino 
acid sequences into sulfur-rich, sulfur-poor and 
high molecular weight (HMW) groups (Shewry 
and Miflin 1985). Especially cysteine containing 
components are important for the functionality of 
doughs forming the so-called “gluten network”, a 
three-dimensional high molecular weight aggre-
gate linked by intermolecular disulfide bonds 
(Köhler et al. 1991; Wieser et al. 1991). In freshly 
prepared flours about 95% of the cysteine residues 
of gluten proteins are present as disulfides and only 
5% as free thiol groups (Shewry and Tatham 1997; 
Grosch and Wieser 1999). During dough mixing 
these thiol groups might catalyze the thiol/disulfide 
exchange reactions leading to glutenin. The result-
ing disulfide bonds are decisive for building up the 
gluten network, because their number determines 
the degree of polymerization, which directly influ-
ences the rheological parameters of doughs and 
the baking quality (Shewry and Tatham 1997). The 
total cysteine content of gluten protein components 

can be determined by amino acid analysis and free 
SH- and SS-groups can be determined spectropho-
tometrically prior to and after reduction (Ellman 
1959; Henschen 1986). However, the most impor-
tant disadvantage of these methods is the limited 
information about the oxidation state of sulfur as 
only the SH- and SS-form can be determined and 
structural changes may have occurred.

Therefore, XANES spectroscopy at the sulfur 
K-edge was applied to characterize the specia-
tion of sulfur in the gluten proteins on the basis of 
native samples to understand the gluten network 
in more detail. XANES spectroscopy showed the 
existence of disulfide bonds in oxidized (oxygen 
stream) glutenin subunits in situ for the first time 
and underlined their significance for the gluten 
network formation. Additionally, glutenin subu-
nits, which were stored under ambient air and 
temperature conditions for two years, predomi-
nantly contained sulfur of higher oxidation states 
(sulfoxide, sulfonic acid state) and less sulfur in 
the disulfane (in the literature often named as 
disulfide) state (Prange et al. 2001). Furthermore, 
the sulfur speciation of glutenin subunits after 
reoxidation with potassium iodate and potas-
sium bromate at different pH-values was investi-
gated (Prange et al. 2003). Quantitative analyses 
of the XANES spectra showed that reoxidation 
with iodate and bromate leads to disulfane states 
but also to higher oxidation states (sulfoxide 
state, sulfonic acid state) which is in contrast to 
the traditional view. The results showed that the 
oxidation state of sulfur prior to oxidation (thiol, 
disulfane/disulfide) strongly influences sulfur 
speciation after oxidation. At low pH-values, the 
strongest oxidation occurred whereas the choice 
of the oxidizing reagent seems to be of minor 
importance (Prange et al. 2003). Another impor-
tant effect on the structure and integrity of gluten 
network as well on the baking quality of wheat 
can be caused by different moulds. Field fungi 
of the genus Fusarium have hardly any influence 
on both the sulfur speciation of wheat gluten 
proteins and baking properties, whereas storage 
fungi of the genera Aspergillus and Penicillium 
have a direct influence (Prange et al. 2005a). An 
increased amount of sulfur in the sulfonic acid 
state was found in the respective XANES spectra, 
which is not available for thiol/disulfide exchange 
reactions in the gluten network, and thus leads to
 a considerably reduced baking volume (Prange 
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et al. 2005a). For more details on the chosen 
reference compounds for the system “gluten net-
work”, quantitative analyses, including additional 
statistical information, the reader is referred to 
the cited articles by Prange and co-workers.

C. Sulfur in Plant–Fungus Interactions

Biotrophic fungal plant pathogens modify the 
metabolism of their host plants by inducing a met-
abolic sink in order to allocate a nutrient flow to 
the site of infection. Due to their biotrophic nature, 
the uptake of nutrients, especially amino acids and 
carbohydrates, by obligate pathogens can be stud-
ied only in the host–pathogen interaction. Typically 
only a small part of plant tissue is colonized by the 
pathogens and the differentiation of diseased and 
healthy tissue is crucial for investigations of the 
uptake and metabolism of nutrients by the patho-
gen. Prange et al. (2005c) firstly reported on the 
application of XANES spectroscopy in phytopa-
thology used to elucidate, spatially resolved, the 
occurrence and distribution of sulfur speciation in 
biotrophic host–plant interactions. With spatially 

resolved XANES spectroscopy, it is possible to 
investigate the metabolic activity of a plant patho-
genic fungus colonizing the surface as well as vital 
tissue of leaves, i.e. the interactions in a host–path-
ogen system. Spatial resolution at the micrometer 
level allows the non-destructive assessment of 
heterogeneity in the distribution of various sulfur 
speciations induced during fungal pathogenesis 
in plants. In their “proof of principle” study, the 
characterization of chemical processes occurring 
at the sulfur K-edge within the interactions of the 
brown rust fungus, Puccinia triticina, colonizing 
wheat leaves is described. Using spatially resolved 
XANES spectroscopy as a fingerprint, differences 
in sulfur speciation at different areas of wheat 
leaves were observed and compared to isolated 
urediniosori. Three distinct leaf areas were inves-
tigated by XANES spectroscopy in fluorescence 
mode with a spatial resolution of about 100 µm × 
100 µm of a wheat leaf infected with P. triticina (a. 
uninfected leaf areas, b. the center of urediniosori, 
and c. the non-visibly infected leaf tissue border-
ing the uredinal sorus). In Fig. 14, different sulfur 
K-edge XANES spectra of biological relevance 

Fig. 14. Sulfur K-edge XANES spectra of reference compounds (top to bottom): cystine (a), glutathione (oxidized form) (b), 
glutathione (reduced form) (c), cysteine (d), methionine (e), dimethylsulfoxide (f), cysteic acid (g) and zinc sulfate (h); (a.u. 
= arbitrary units). (Figure adopted from Prange et al. (2005) Spatially resolved sulfur K-edge XANES spectroscopy for the in 
situ-characterization of the fungus-plant interaction Puccinia triticina and wheat leaves. J Phytopathol 153:627–632, kindly 
permitted by Blackwell Verlag, Berlin.)
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are displayed, which were used for comparison 
with the spectra obtained from the leaf (Fig. 14) 
(fingerprint analysis, cf. sections II, III).

As discussed earlier, the energy position of the 
main spectral features is a function of the formal 
valency of the neighboring atoms (cf. section III). 
The variation in the XANES spectra of the three 
wheat leaf regions of interest is given in Fig. 15; 
furthermore, the spectrum of isolated mature ure-
diniospores is shown. In the center of sporulat-
ing rust pustules, a strong peak is observed in the 
spectrum at about 2481.4 eV. This structure is not 
present in either healthy leaf areas or symptomless 
colonized areas or in isolated urediniospores.

Comparing to the reference spectra (Fig. 14), 
it can be easily seen that the peak is correlated to 
an increased amount of sulfate (S+VI) in the sam-
ple. The increase of sulfate in response to fungal 
development is confirmed when comparing the 
spectra for the region bordering the sporulating 
sorus. In this symptomless infected area, just a 
slight increase in the corresponding energy range 

was observed in comparison to healthy leaf areas. 
As compared to healthy leaf areas. At this site, 
fungal structures were present in the mesophyll 
with haustoria formed also abundantly in the epi-
dermal cells. As the spectra in this study show 
sulfur species resulting from the rust fungus and 
from the wheat leaf, an estimation on the probing 
depth must be kept in mind: A 2.4 keV photon 
beam in water is attenuated to 50% of its origi-
nal intensity after passing through approximately 
22.5 µm (cf. tools like on http://www.cxro.gov) 
which suggests that the probing depth in biologi-
cal material (mostly water!) is of the order of tens 
of microns. Therefore, here the main contribution 
of sulfur species results from the epidermal cell 
layer and mesophyll cells up to a depth of approx-
imately 50 µm. A clear assignment of the vari-
ation in the spectra of healthy and symptomless 
colonized leaf tissue to sub-surface fungal mate-
rial is complicated by the fact that isolated spores 
on the intact leaf surface may be an additional 
source of sulfur-containing compounds causing 

Fig. 15. Sulfur K-edge XANES spectra (smoothed, 7-point setting): isolated Puccinia triticina urediniospores (solid line), 
P. triticina sporulating rust pustule on the wheat leaf (dash line), non-visibly infected leaf tissue bordering the uredinial sorus 
(dash + dot line), non-infected area of wheat leaf (dot line). Original data without smoothing of P. triticina sporulating rust pus-
tule on the wheat leaf (thin, dash + dot + dot line); (a.u. = arbitrary units). (Figure adopted from Prange et al. (2005) Spatially 
resolved sulfur K-edge XANES spectroscopy for the in situ-characterization of the fungus-plant interaction Puccinia triticina 
and wheat leaves. J Phytopathol 153:627–632, kindly permitted by Blackwell Verlag, Berlin.)
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modifications in the spectra. Apart from the sulfate, 
at all sites a resonance located at about 2472.9 eV 
contributes to the spectra, which can be assigned to 
the amino acids cysteine and methionine (C-S-H; 
C-S-C) of the proteins (cf. Fig. 14, e.g. Prange et al. 
1999). However, the significant increase of sulfate 
in the center of sporulating rust pustules can only 
be explained as an effect of a specific fungus-host 
interaction. For more details on the presented exam-
ple, the reader is referred to Prange et al. (2005c).

In conclusion, compared to non-infected leaf 
areas, minor changes in the spectra were observed 
for the non-visibly colonized tissue neighboring 
the rust sori. As the spectra for isolated ured-
iniospores and the healthy leaf areas did not fit the 
spectra of the urediniosori, a significant impact of 
the biotrophic pathogen on sulfur metabolism of 
wheat has been shown. This example demonstrates 
that spatially resolved XANES spectroscopy will 
extend the range of qualitative and quantitative 
methods for in situ investigations of host–pathogen 
interactions and may help to increase knowledge 
about the metabolism of diseased plants.
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Summary

Biotic and abiotic stresses often lead to transient oxidation of the internal milieu of cells. This oxida-
tion is considered to be an essential signal for further downstream events within the cellular signaling 
network and therefore demands careful and, if possible, quantitative analysis. Fluorescent probes and 
confocal or multi-photon imaging offer almost unparalleled opportunities for visualization of an ever 
increasing range of compounds and even the dynamics of physiological processes within living cells 
and tissues with minimal perturbation. However, the utility of the methods relies on the development of 
probes and imaging protocols that can achieve sufficient specificity and sensitivity to give unambigu-
ous physiological measurements. In situ estimates of glutathione have been undertaken on relatively 
few systems so far and in vivo measurements of redox state have only recently been made possible with 
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the advent of transgenic fluorescent reporters. Detection and quantification of reactive oxygen species 
(ROS) is also challenging, and a large number of different approaches have been developed to deduce 
information about components of this ROS-dependent signaling pathway. This review describes differ-
ent imaging-based approaches for qualitative and quantitative measurement of glutathione and ROS in 
living plant cells. Particular attention is given to general strategies for probe design and application of 
quantitative confocal fluorescence imaging.

I. Introduction

The first simple life forms developed in a reduc-
ing environment. However, with the evolution 
of oxygenic photosynthesis the environment 
changed dramatically with the increasing levels 
of oxygen, potentially exposing cells to a severe 
stress. To maintain their predominantly reducing 
metabolism, cells had to develop additional sys-
tems to keep the internal medium reducing. One 
of the key metabolites used to achieve this was 
the tripeptide glutathione, which can be converted 
from its reduced form GSH to the oxidized glu-
tathione disulfide GSSG. The GSH-GSSG redox 
couple is the most important redox buffer in vir-
tually all eukaryotic cells, most Gram-negative 
bacteria, and a few Gram-positive bacteria (Sun-
dquist and Fahey, 1989; Fahey and Sundquist, 
1991; Newton et al., 1996). In some archebacteria, 
high concentrations of γ-glutamylcysteine appear 
to function instead of GSH and γ-EC is sufficient 
to buffer the cellular redox state (Newton and 
Javor, 1985; Sundquist and Fahey, 1989).

Severe stress of any description is usually 
accompanied by increasing concentrations of 
reactive oxygen species (ROS) (Apel and Hirt, 
2004; Mittler et al., 2004). Thus, the redox buffer 
system not only helps to ameliorate the stress but 
may also act as a sensor and transmit these sig-
nals to the respective targets (May et al., 1998). 
These targets include both metabolic processes 
and transcriptional events. However, at this stage 
it has not yet been fully elucidated how the signals 
are transduced at the molecular level. Exploiting 
the redox system as part of a signal transduc-
tion network requires means to sense a tempo-
rary deviation from the resting level. By analogy 
with Ca2+ signal transduction (Hetherington and 
Brownlee, 2004) it can be envisaged that the 
amplitude, duration and location of such redox 
signatures might code for some detailed informa-
tion about the particular stress.

To understand the different redox poise and 
sensitivity of different cells and to decode the 
redox signature it is of particular importance to 
be able to measure the redox signals in time and 
space. A number of different techniques have 
been developed to visualize different aspects of 
the cellular redox systems and deviations from 
resting levels in particular. These techniques 
range from histochemical localization of H

2
O

2
 as 

insoluble precipitates to the large number of fluo-
rescent probes available to image different ROS. 
These studies have also highlighted the extent of 
stress-related formation of ROS, not least from 
wound reactions during simple preparation of 
the material for observation. Thus redox meas-
urements need to be made on systems that are as 
intact as possible and operating in as close to their 
natural environment to minimize the perturbation 
associated with the measurement.

Live cell imaging currently offers the best pos-
sible solution when measurements are required at 
the level of single cells or defined tissues. Even 
so, quantitative live-cell imaging is technically 
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CALI – chromophore-assisted light inactivation; CLSM 

– confocal laser scanning microscopy; DHE – dihydroethid-
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challenging and requires careful attention to arti-
facts arising from preparation of the material, 
the perfusion systems used, and the potential for 
stress induced by the process of imaging itself 
(Fricker et al., 1999, 2006). For example, there 
are particular problems with microscopy of aer-
ial tissues that are normally operating in contact 
with a gaseous phase, as this air gap significantly 
degrades image quality. Immersion in buffer or 
water significantly improves the imaging char-
acteristics, but may substantially modify the 
local environment around the tissues. In non-
photosynthetic tissues this may lead to reduced 
oxygen levels, conversely in photosynthetically 
active tissues, locally higher O

2
 levels may result 

under microscope illumination.

II. General Strategies of Probe Design 
to Image Components of Redox 
Pathways

Although useful measurements can be made 
using histochemical techniques, the vast majority 
of probes currently under development are fluo-
rescent as these give high sensitivity and contrast 
and are compatible with confocal or multi-pho-
ton imaging systems that provide the best route to 
quantitative measurements in situ.

A limited number of cellular components 
are intrinsically fluorescent, which provides a 
straightforward route to measure their relative 
or absolute concentration, if suitable calibra-
tion standards are available. In a subset of these 
compounds, the fluorescence properties alter in 
response to the physiological environment, such 
as redox poise, and can be used to monitor dynam-
ics of the corresponding parameter. For compounds 
that do not show useful auto-fluorescence, there 
are three main routes available to develop a fluo-
rescent assay appropriate for fluorescence imag-
ing and analysis. The preferred approach is to 
develop a probe that interacts specifically, but 
reversibly, with the target molecule, but does 
not react directly. This class of probes is typi-
fied by the ion reporters that reversibly bind to 
the ion of interest with a particular dissociation 
constant (k

d
) and selectivity (Fricker and Meyer, 

2001; Fricker et al., 2006). The second approach 
involves a probe that chemically interacts with the 
molecule of interest, but in a reversible reaction, 

and is exemplified by the di-cysteine based redox 
indicators described later. In this case the target is 
also modified by the interaction with the probe. 
The third approach involves a probe that is itself 
a substrate for one of the enzymes in the pathway 
and exhibits a change in its fluorescent properties 
during the reaction. The target molecule is also 
irreversibly modified in this process.

A. Intrinsically Fluorescent Probes

The redox state of the NADH pool has been 
measured from auto-fluorescence of reduced 
nucleotides using UV-CLSM or multi-photon 
laser scanning microscopy (MPLSM) (Masters 
and Chance, 1993; Piston et al., 1995; Patter-
son et al., 2000; Huang et al., 2002; Kasimova 
et al., 2006) and used to infer changes in glucose 
metabolism (Bennett et al., 1996). Using high-
speed microscopy and microspectrophotometry 
it was shown that in living human neutrophils 
NAD(P)H waves travel through cells intracellu-
larly at high speed (~50 µm s−1) and supply the 
membrane bound NADPH oxidase with pulses 
of substrate (Kindzelskii and Petty, 2002). Oscil-
latory NAD(P)H fluorescence was recently also 
observed in pollen tubes and shown to corre-
late with oscillatory tip growth (Cardenas et al., 
2006). Changes in redox state can also be inferred 
from flavoprotein fluorescence (e.g. Rocheleau et 
al., 2004; Quesada et al., 2006), which also offers 
a more convenient set of excitation wavelengths 
than NAD(P)H. Given the steadily increas-
ing interest in redox regulated processes and 
the awareness of the importance of even minor 
changes in different cellular redox compounds, 
NAD(P)H or flavoprotein redox imaging would 
thus provide a very powerful adjunct to many bio-
chemical analyses. It should be noted, however, 
that the autofluorescence from reduced pyridine 
nucleotides is very weak. The major challenge 
therefore is to effectively separate these weak 
signals from the range of other UV-excitable 
compounds present in plants and to quantify them 
accurately.

B. Reversible Probes

Probes that bind reversibly to their target can 
provide information on the steady-state concen-
tration of the target, but not directly its rate of 
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synthesis or consumption. Based on the prece-
dents from the ion-imaging field, the most useful 
reversible probes, termed ratio probes, exhibit a 
shift in either their excitation or emission spec-
trum between the free and bound forms. The shift 
in spectrum can be readily measured as a ratio 
between images or average intensities measured 
at two wavelengths, typically corresponding 
to the peak wavelengths for the free and bound 
forms (Fricker et al., 2001). The ratio provides a 
convenient means to correct for changes in dye 
concentration, pathlength, photobleaching or dye 
leakage. Single wavelength probes only show 
changes in intensity on binding with no spectral 
shift. In these cases, it is more difficult to separate 
changes in fluorescence arising from the target 
versus the dye concentration, etc.

The number of chemical probes for cations is 
increasing as it is relatively easy to design spe-
cific binding sites to co-ordinate metal ion lig-
ands. Progress has been less rapid for anions and 
essentially non-existent for other compounds as 
it is extremely difficult to design binding sites for 
small molecules that then also trigger a change in 
fluorescence. An alternative approach uses pep-
tide-based binding domains to achieve specificity 
for different substrates and exploits any confor-
mational change on binding to affect the amount 
of fluorescence resonance energy transfer (FRET) 
between spectral variants of GFP fused in-frame 
with the binding peptide(s). The first such trans-
genic ratio indicator designed was for calcium 
and was termed cameleon as it changed color and 
incorporated a calmodulin (CaM) binding domain 
as part of a linker between CFP and YFP (Miya-
waki et al., 1997, 1999). The cameleon concept 
inspired the development of genetically-encoded 
FRET-based sensors for other metabolites. For 
example, Frommer and co-workers exploited the 
substrate-induced conformation change in bacte-
rial periplasmic-binding proteins (PBPs) to con-
struct fluorescent indicator protein (FLIP) sensors 
for maltose (Fehr et al., 2002), glucose (Fehr et 
al., 2003, 2004), ribose (Lager et al., 2003) and 
glutamate (Okumoto et al., 2005). Unlike most 
measurements of metabolites, these sensors 
report concentration directly from specific cellu-
lar compartments. As reaction rates and enzyme 
kinetics are concentration dependent, this should 
provide much better understanding of the control 
of metabolism in vivo. Sensitivity can be altered 

by mutations in the binding site and sensors can 
be targeted to other compartments, such as the 
ER (M. Fehr and W. Frommer, personal commu-
nication). The ratio change for the first generation 
of these sensors was very small. However, recent 
improvements include replacing EYFP with Venus 
(Deuschle et al., 2005; Okumoto et al., 2005) 
and modification of the linker length and site of 
chromophore insertion to improve dipole-dipole 
coupling, giving a ~2-fold increase in response 
(Deuschle et al., 2005). Other PBP-based sensors 
for sugars, amino acids, sulfate and phosphate 
have already been synthesized using chemical 
coupling of fluorescent dyes to appropriate binding 
peptides (De Lorimier et al., 2002). Incorporation 
of the same binding peptides into the genetically-
encoded FLIP sensors should yield equivalent 
transgenic probes and this approach has recently 
been shown to work for a phosphate binding PBP 
(Gu et al., 2006). These sensors can be expressed 
in plants (Fehr et al., 2004) but are subject to 
transgene silencing (Deuschle et al., 2006). Nev-
ertheless, metabolite measurements can be made 
if the constructs are expressed in silencing mutant 
backgrounds (Deuschle et al., 2006). As yet, no 
probes have been developed for specific compo-
nents of redox systems. However, the transgenic 
FRET approach is generic, and it is only a matter 
of time before suitable binding motifs are incor-
porated into the basic cassette to yield reversible 
sensors to report the concentration of individual 
components in different redox pathways.

C. Reversible Reactive Probes

Currently the most promising reactive, but 
reversible probes for dynamic redox imaging are 
redox-sensitive fluorescent proteins. Additional 
cysteine residues have been engineered into the 
protein barrel of both GFP and YFP, such that 
the two cysteines are located on two adjacent ß-
strands (Østergaard et al., 2001; Dooley et al., 
2004; Hanson et al., 2004). The two cysteine 
residues are sufficiently close to form disulfide 
bridges depending on the redox-environment of 
the protein. Formation or release of this disulfide 
bridge then leads to slight conformational 
changes in the protein barrel and alters the pro-
tonation state of the fluorophore. This change in 
protonation leads to a change in the absorption 
properties and hence in a change of fluorescence. 
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A range of different redox-sensitive GFP (roGFP) 
and YFP (rxYFP) versions have been generated, 
which all are slightly different in their redox and 
fluorescence properties (Østergaard et al., 2001, 
2004; Hanson et al., 2004; Cannon and Remington, 
2006).

In the case of rxYFP, the introduction of a pair 
of cysteine residues (N149C and S202C) confers 
reversible redox-dependent changes in fluores-
cence intensity (Østergaard et al., 2001, 2004). 
rxYFP appears to be specifically reporting the 
state of the GSH-GSSG redox couple in yeast 
cells, as it interacts with glutaredoxins (GRXs) 
which shuffle electrons between the cellular glu-
tathione redox buffer and rxYFP (Østergaard 
et al., 2004). Thus, in this case rxYFP can be 
regarded as a bonafide GSH redox sensor.

Whilst rxYFP is a single wavelength redox 
sensor, the roGFPs (Dooley et al., 2004; Hanson 
et al., 2004) are particularly useful as they can be 
excited with two different wavelengths (405 and 
488 nm) and the resulting fluorescence intensity 
of the two peaks changes relative to each other 
depending on the degree of disulfide bond forma-
tion between the two cysteines. This allows for 
ratiometric measurements, facilitating quantita-
tive imaging of redox dynamics, which makes 
roGFPs potentially superior to single wavelength 
rxYFP (Björnberg et al., 2006). The structural 
similarities of rxYFP and roGFP suggested that 
roGFP might also be a specific glutathione redox 
sensor, provided a GRX is available for transfer-
ring electrons between glutathione and roGFP. 
At least in plants this is indeed likely because 
plants contain a large number of different GRXs, 
which exhibit a strong structural homology to the 
yeast GRX (Lemaire, 2004; Xing et al., 2006). In 
vitro studies with poplar GRX C4 confirmed this 
hypothesis and showed that only GRX together 
with GSH are capable of efficiently reducing the 
disulfide bond of roGFP while other reducing 
compounds like ascorbate or NADPH and thiore-
doxin were not able to reduce roGFP (Meyer et 
al., 2007). Thus it seems likely that roGFP also 
specifically reports on the state of the GSH-GSSG 
redox couple in vivo.

D. Irreversible Reactive Probes

In contrast to reversible interactions exempli-
fied by the cameleons, biosensors and roGFPs, 

it is possible to image some metabolites, such as 
glutathione, various ROS or nitric oxide (NO), 
following reaction in vivo to give a fluores-
cent product. The majority of the probes so far 
developed are fluorescent substrates or products 
for cleavage reactions catalyzed by esterases, 
lipases or proteases, rather than probes useful to 
track metabolic pathways. The major exception 
are probes for ROS, as it is possible to present 
reduced forms of the fluorescent probes that can 
be oxidized back to their fluorescent parent by 
different ROS with varying degrees of specifi-
city.

For this type of probe, the fluorescent signal 
is a cumulative measure of the amount of tar-
get molecule that reacts, and is usually irrevers-
ible. Thus the signal increases over time at a rate 
dependent on the concentration of the target, the 
concentration of the probe and, in some cases, 
the presence of an enzyme catalyst. Interpreta-
tion of the kinetics, either from the gradient of 
the increase over time or as the amount present 
at a fixed point is therefore not straightforward. 
For example, in the un-catalyzed case, the reac-
tion will be at least second order, depending on 
the stoichiometry of the reactants, and thus criti-
cally dependent on the local concentration of 
the probe. This is likely to be highly variable in 
intact tissues due to variation in access, tissue 
penetration rate, and the local environment. High 
concentrations of probe should give faster reac-
tions and thus make the signal easier to detect, 
conversely, they will deplete the target more 
rapidly, perturbing any downstream processes. 
In the case of enzyme-catalyzed reactions, it is 
possible to use near saturating probe concentra-
tions to make the kinetics pseudo-first order and 
thus provide a less ambiguous measure of the 
concentration of the target. However, high con-
centrations of the probe may themselves cause 
technical problems with self-absorbance and 
auto-fluorescence of the unreacted form. Even 
more worrying are reports that show decreases 
in fluorescence using these probes. As the reac-
tions are essentially irreversible, this suggests 
these measurements are subject to extreme 
interference by other processes, such as photob-
leaching, sequestration in a low pH environment 
quenching the fluorescence, dye leakage to the 
medium or dye destruction by detoxification 
systems.
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III. Quantitative Confocal Fluorescence 
Imaging

The requirement to reduce experimental manipu-
lation of the tissue to a minimum places a premium 
on working with intact tissues. Currently the best 
approaches to image such material are confocal 
laser scanning microscopy (CLSM), multiphoton 
laser scanning microscopy (MPLSM), or confo-
cal disk-scanning instruments. These systems can 
be used to collect optical sections, free from out-
of-focus blur, from fluorescent probes distributed 
within living plant tissues with repeated sampling 
at sub-cellular resolution. The removal of out-of-
focus blur allows discrimination of signals from 
sub-cellular domains, whilst contaminating sig-
nal from auto-fluorescence and/or stained tissues 
outside the focal plane is rejected. The increased 
contrast achieved in comparison to conven-
tional wide-field fluorescence imaging, greatly 
improves visualization of cellular and sub-cellular 
morphology in thin optical sections.

The main advantages of confocal or multi-
photon microscopy for quantitative fluorescence 
measurements arise from the well defined 3-D 
volume (voxel) that is sampled to form each 
2-D picture element (pixel). The volume probed 
is always asymmetric, being at least 3–4 times 
longer in the axial (z) direction. The overall shape 
of the confocal probe in fluorescence is described 
by the point spread function (psf). Optical probe 
dimensions are usually given in terms of the full 
width at half the maximum height (FWHM) in a 
given direction along one of the orthogonal axes. 
Point-scanning confocal instruments can achieve 
a probe size of 0.2 µm × 0.2 µm × 0.6 µm, in x, 
y and z respectively, with a high NA (1.4) oil-
immersion lens. However, typical probe dimen-
sions for physiological measurements are likely 
to be larger, in the region of 0.4 µm × 0.4 µm × 
1.2 µm, as longer-working distance, lower NA, 
water-immersion lenses are usually used, and 
the optical sectioning is often relaxed slightly by 
increasing the pinhole diameter to obtain suffi-
cient signal within a useful sampling time.

The primary objective of quantitative physi-
ological measurements is to maximize the signal 
to noise (S/N) ratio with minimal disruption to 
the cell physiology. In many instruments there is 
control over the degree of confocality, the area 
scanned, the scan speed and the number of frames 

averaged that provides the user with consider-
able flexibility in choice of sampling speed and 
the volume of specimen imaged. At one extreme, 
repeated sampling can be made of a single point 
in the 1 MHz range, whilst a 3-D volume of a 
thick tissue specimen, such as a root tip, can be 
sampled at high resolution in a few minutes. Thus 
different facets of a given biological question can 
be tackled on the same instrument.

To make absolute photometric measurements, 
the relationship between the image brightness 
and the concentration of the fluorophore has to 
be calibrated. One of the limitations of CLSM 
and MPLSM is the very low number of photons 
emanating from each voxel, making accurate 
measurements more difficult. Furthermore, quan-
titative measurements need to subtract a good 
estimate of the weak background signal from the 
specimen, auto-fluorescence in lens elements, 
sample chamber and perfusion medium. It is not 
usually possible to separate out and remove these 
different background noise components, thus 
noise from all sources contributes to an increase 
in the variance of the signal. To make an accurate 
estimate of the mean signal requires that both the 
background and the total intensity are recorded 
without clipping the intensity distributions (Fricker 
et al., 2001).

Although confocal and multiphoton imaging 
can work with intact tissues, they are still lim-
ited to measurements near the surface. One of the 
major optical consequences of imaging progres-
sively deeper into tissues is blurring of the psf 
as the light rays travel through more and more 
refractive boundaries. Blurring of the probe 
results in a decrease in signal accepted by the 
confocal detector pinhole or reduces the prob-
ability of multi-photon excitation, leading to 
significant attenuation of fluorescence intensity 
with depth into the tissue. In theory, ratiometric 
measurements can compensate for such attenua-
tion, provided it is equivalent at all wavelengths 
needed for the measurement. However, single 
wavelength measurements can often show sev-
eral fold reduction in signal over a few tens of 
microns from the surface. Partial correction for 
tissue-dependent attenuation can be achieved by 
a pragmatic approach based on determination 
of the axial intensity profile of a permeabilised 
specimen filled with a fluorescent ‘sea’ (White 
et al., 1996; Fricker et al., 2000, 2001; Hartmann 
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et al., 2003). The resultant response combines the 
effects of depth-dependent ‘sea’ response and 
the additional contribution of the permeabilised 
tissue.

With suitable calibration, the fluorescence 
intensity can be directly related to target con-
centration as the psf gives a defined sampling 
volume both in the tissue and in the calibration 
solutions. To relate in vivo measurements to other 
biochemical measurements, it is useful to be able 
to normalize the fluorescence intensity in a range 
of different units, such as µmole (mg protein)−1. 
If particular tissue zones, cells or compartments 
are segmented from the image, results can be 
expressed on an appropriate database, such as 
pmole cell−1. At the moment it is rather more com-
plex to relate fluorescence levels to other param-
eters such as protein levels or DNA content. The 
basic approach involves collection of 3-D images 
of protein or DNA distribution from correspond-
ing regions of the same or an equivalent specimen 
and measurement of the total amount of protein 
DNA−1 (Fricker et al., 2000).

IV. Application of Thiol-Based Redox 
Imaging in Plants

A. Measurement of Total Glutathione

Total cytoplasmic glutathione (GSH) can be 
determined in vivo following GST-catalyzed con-
jugation to monochlorobimane (MCB) to give a 
fluorescent glutathiones-bimane (GSB) adduct 
(Fig. 1). The strong preference of MCB for GSH 
over other low molecular weight thiols and pro-
tein thiols was initially shown for Arabidopsis 
suspension culture cells (Meyer et al., 2001). 
Recently, the specificity was further confirmed 
by the absence of labeling in homozygous gsh1 
knockout embryos, which cannot be labeled by 
the routine protocol used for labeling of cells 
(Cairns et al., 2006). The only exception where 
significant labeling of thiols other than GSH was 
observed in homozygous gsh2 knockouts, which 
hyperaccumulate γ-EC to 5,000-fold  normal 
levels in the absence of GSH (Pasternak et al., 
2008). Imaging deep within tissues requires cor-
rection for depth-dependent attenuation (Fricker 
et al., 2000; Meyer and Fricker, 2000; Meyer 
et al., 2001), but has now been applied to GSH 

measurements in several different types of 
tissues including roots (Fig. 2a and b) (Sánchez-
Fernández et al., 1997; Fricker et al., 2000; Meyer 
and Fricker, 2000; Fricker and Meyer, 2001), 
suspension culture cells (Fig. 2c and d) (Meyer 
and Fricker, 2002), trichomes of Arabidopsis 
(Gutiérrez-Alcalá et al., 2000) and tobacco (Fig. 
2g), and mesophyll, epidermal and guard cells 
of poplar leaves (Hartmann et al., 2003; see also 
Fig. 2e and f). Sequential imaging at different 
time points during incubation with MCB clearly 
revealed that conjugates with GSH are formed in 
the cytoplasm and subsequently sequestrated to 
the vacuole (Fig. 2). The time required for this 
sequestration might be different in different cell 
types depending on the activity of the vacuolar 
GSX conjugate pumps (see section IV.B). Figure 
2b shows an example for Arabidopsis roots in 
which epidermal cells have already sequestered 
most of the conjugates whereas the underlying 
cortex cells show still mainly cytosolic fluores-
cence. For cells of the root cap it has also been 
shown that conjugate formed in the cytosol of 
the central columella cells can be transferred and 
sequestered in the vacuoles of the outermost cell 
layer (Fricker et al., 2000; A.J. Meyer and M.D. 
Fricker, unpublished results). Through compe-
tition for the glutathione moiety, labeling with 
MCB can also be used as an indirect assay for 
other factors that affect GSH levels such as heavy 
metals, herbicides, or even explosive compounds 
(Fig. 3) (Meyer and Fricker, 2002; Mezzari et al., 
2005).

The MCB assay depletes the level of GSH 
and thus perturbs the system under study dur-
ing the measurement. In some cases this can be 
used advantageously to follow the capacity of 
the system to respond to GSH depletion (Meyer 
and Fricker, 2002). If no internal pools for de 
novo synthesis of GSH are available direct mon-
itoring of demand-driven GSH-biosynthesis can 
also be used to measure flux through synthesis 
pathway. For Arabidopsis suspension culture 
cells it was shown that de novo synthesis of 
GSH was dependent on external sulfate supply 
and thus the rate of de novo synthesis effectively 
reported flux through the entire sulfate assimila-
tion pathway down to GSH (Meyer and Fricker, 
2002). In theory, conjugation of GSH with MCB 
can also be used to give controlled titration of 
GSH levels to explore responses in plants where 



Fig. 1. Conjugation of GSH with monochlorobimane (MCB) leads to formation of fluorescent and membrane-impermeable 
glutathione S-bimane. Despite being reactive to all accessible thiols the conjugation to GSH is highly favored due to catalysis 
by glutathione S-transferases (GSTs).

Fig. 2. In situ labeling of glutathione in plant cells. All cells and tissues were labeled with 100 µM MCB (green). (a) and (b) 
Optical sections through Arabidopsis roots show vacuolar sequestration of GSB. Initial labeling in the cytosol (a) is followed by 
vacuolar sequestration of GSB (b). The sequestration appears to occur faster in epidermal cell files (E) than in cortex cells (C). 
Bar = 50 µm. (c) and (d) Arabidopsis suspension culture cells stained with MCB and propidium iodide (PI) for cell walls and 
plasma membrane integrity (red). The MCB label appeared first in the cytosol after 5 min (c) and was completely sequestrated 
to the vacuole after 60 min (d). Bars = 20 µm. (e) and (f) Tobacco guard cells stained with MCB. In addition to bimane autofluo-
rescence from chloroplasts is detected (red). Initial labeling in the cytosol after 5 min (e) and complete vacuolar sequestration of 
GSB after 60 min (f). Bars = 20 µm. (g) Tobacco trichome labeled with MCB, 50 µM PI (red) and 10 µM Hoechst 33258 (blue) 
for 30 min. Bar = 10 µm (See Color Plates).
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overall redox protection capacity is reduced, 
although this approach has not yet been used to 
our knowledge.

B. Analysis of the Glutathione-Dependent 
Xenobiotic Detoxification Pathway In Situ

The GSB is formed initially in the cytoplasm, 
but is subsequently transferred to the vacuole by 
GS-X conjugate pumps. This provides an oppor-
tunity to map the activity of the GSH-based 
detoxification pathway for a model substrate 
for each individual cell in a tissue. For exam-
ple, the level of fluorescence initially increases 
in the cytoplasm of all cells in an Arabidopsis 
root tip observed in single optical sections fol-
lowed over time (Fig. 2a and b). Most of the 
label is quickly transported into the vacuole, 
giving an increase in vacuolar fluorescence and 
eventually leading to a reduction in cytoplasmic 
fluorescence. In general, the smallest cells with 
the highest cytoplasm-to-vacuole ratios showed 
the greatest increase in vacuolar fluorescence. 
This dilution effect depending on volumes of 
subcellular compartments can also be observed 
in guard cells, which appear much brighter than 
surrounding epidermal cells.

To analyze the data, it is assumed that the 
conjugation and sequestration reactions can be 
described as a two step pathway (Fig. 4). The 
estimates of [GSB]cyt and [GSB]vac are based 
on the average fluorescence measured from 
manually-defined regions of interest (ROIs) 
in each compartment for each complete cell in 
the field of view (Fricker and Meyer, 2001). To 
express fluorescence levels in terms of GSB 
concentration requires subtraction of the aver-
age background signal, and calibration against 

the average fluorescence of GSB standards. The 
change in cytoplasmic GSB concentration over 
time will reflect the balance between the rate of 
conjugation and the rate of sequestration into the 
vacuole. In addition, as the cells under examina-
tion are still alive and elongating, cell expan-
sion during the assay adds a volume-dependent 
decrease in the apparent concentration. The vol-
umes of the cytoplasm and vacuole are therefore 
measured using stereological techniques (Meyer 
and Fricker, 2000) in parallel experiments. The 
change in vacuolar GSB concentration over time 
will reflect the vacuolar transport rate and the 
dilution (or concentration) arising from the dif-
ference in the relative volumes of cytoplasm and 
vacuole. The vacuolar concentration will also be 
affected by any increase in overall cell volume 
due to cell growth. With this approach, in vivo 
estimates for the kinetic parameters for the GST 
and the GSX pumps can be obtained for differ-
ent cell types in the root tip (Fricker and Meyer, 
2001).

Once inside the vacuole, glutathione conju-
gates are not just sequestered, but are also metab-
olized further to recover the amino acids used 
for the glutathione-tag. This degradation might 
be initiated from either end of the glutathione 
moiety followed by removal of the second termi-
nal amino acid (Fig. 5). In both cases the initial 
two reactions lead to accumulation of cysteine 
conjugates. If MCB is used as a substrate for 
GSH conjugation, the resulting cysteine-bimane 
is still fluorescent. Because the fluorescence 
properties of the bimane-tag remain virtually 
unchanged during this degradation microscopic 
observation can help to define in which subcel-
lular compartment degradation occurs, but can 
not provide evidence for either possible path-
way. However, in combination with extraction 
and subsequent HPLC-analysis, accumulation of 
fluorescent intermediates might provide infor-
mation about the order of the two initial reac-
tions. In Arabidopsis, only Cys-B accumulation 
has been detected during a 48 h degradation 
period, indicating that the initial breakdown step 
is rate-limiting (Grzam et al., 2006). Recently, a 
γ-glutamyl transpeptidase was identified as the 
enzyme catalyzing this reaction (Grzam et al., 
2007; Ohkama-Ohtsu et al., 2007). It is not clear 
at this stage, however, whether this also applies 
to other plants.

Fig. 3. Competition assay for indirect imaging of non-
fluorescent glutathione conjugates. The amount of a GSH-
reactive compound ‘X’ can be deduced from the reduction 
of the GSB signal compared to a control without ‘X’.
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C. Measurement of the Glutathione Redox 
Potential In Vivo

Whilst knowledge of the total GSH pool or the 
GSH detoxification pathway gained from the 
bimane imaging approach are useful, there is per-
haps more interest in the redox poise of the glutath-
ione pool. From the Nernst-equation it is apparent 
that the redox potential of the gluta-thione pool is 
not dependent on the [GSH]/[GSSG] ratio, which 
is the form normally reported in the literature, but 
rather the ratio [GSH]2/[GSSG]. The redox poten-
tial is thus dependent on both the total concentra-
tion of glutathione and the degree of oxidation 
of the glutathione pool (Meyer and Hell, 2005). 
Until recently it was only possible to determine 
GSH and GSSG simultaneously by destructive 
sampling and chemical analysis. However, the 
redox sensitive fluorescent proteins, rxYFP and 
roGFP, can be expressed in plants and appear to 
function properly (Jiang et al., 2006; Meyer et al., 
2007), facilitating in vivo measurements of the 

GSH-GSSG redox state in vivo for different cell 
types and even different cell compartments.

Under non-stressed conditions, the probes 
are almost completely reduced (Fig. 6a). Based 
on midpoint redox potentials estimated in vivo 
around −280 to −290 mV (Dooley et al., 2004; 
Hanson et al., 2004), it can be deduced that 
the steady state redox potential in the cytosol 
of plant cells is around −320 mV (Meyer et al., 
2007). Substantial shifts in redox potential can be 
achieved by H

2
O

2
 and DTT and the probes can 

be used to monitor redox differences in differ-
ent cells along the root axis (Jiang et al., 2006). 
Further in vivo experiments in which the cellular 
glutathione level was altered through either phar-
macological or genetic approaches confirmed the 
direct link between the poise of the glutathione 
redox buffer and roGFP fluorescence (Meyer 
et al., 2007). For example, cellular glutathione 
can be effectively depleted with L-buthionine-
(S,R)- sulfoximine (BSO) as a specific inhibi tor 
of glutamate-cysteine ligase (GSH1), the first 
enzyme of glutathione biosynthesis. Germina-
tion of Arabidopsis seeds on medium containing 
1 mM BSO thus leads to a seedling remarkably 
similar in phenotype as the GSH-deficient rml1 
mutant (Vernoux et al., 2000; Cairns et al., 2006). 
Germination of roGFP-expressing Arabidopsis 
seed on BSO leads to almost complete oxidation 
of the probe compared to the reduced roGFP in 
control seedlings (Fig. 6a and b).

Like all other genetically encoded probes, 
roGFPs can be targeted to different subcellular 
compartments, such as the ER, mitochondria or 
chloroplasts (M. Schwarzländer et al., submit-
ted). Thus, it is now feasible to study the subcel-
lular compartmentation of glutathione in vivo and 
to address questions regarding intracellular and 
intercellular transport and turnover of the gluta-
thione pool in living cells.

The link between the glutathione redox buffer 
and roGFP with GRXs as mediators also sug-
gest that changes in glutathione redox potential 
would trigger modification of native target pro-
teins either through glutathionylation or forma-
tion of disulfide bridges. One important goal for 
future research thus is the identification of such 
GRXs targets. A strategy for the identification of 
proteins targeted by thioredoxin combines two-
dimensional gel-based separation methods for 
proteins with fluorescent tagging of accessible 

Fig. 4. Two-step pathway for glutathione-dependent conju-
gation and vacuolar sequestration of xenobiotics. Monochlo-
robimane (MCB) can be used as a visible model xenobiotics 
that can be followed microscopically during these reactions.

Fig. 5. Possible metabolic steps for the vacuolar degradation 
of glutathione conjugates in plants. Degradation is initiated 
at the termini of the glutathione moiety and leads to accumu-
lation of cysteine conjugates (Cys-R), but so far none of the 
involved enzymes have been characterized in detail.
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protein thiol-groups with monobromobimane, 
a more reactive homologue of MCB (Yano et 
al., 2001; Ströher and Dietz, 2006). Similar gel-
based approaches using other reactive probes 
have also been applied successfully to monitor 
protein thiol modifications in vivo (Leichert and 
Jakob, 2004, 2006) and it can be envisaged that 
such an approach might help identifying specific 
GRX targets.

V. Probes for Components that Interact 
with Thiols

A. Measurement of Reactive Oxygen 
Species (ROS) and Nitric Oxide (NO)

Production of several ROS is of interest both 
in terms of monitoring their destructive effects 
during photo-damage or pathogen attack and 
also because of increasing evidence that ROS 
might act as signals in their own right (Bucha-
nan and Balmer, 2005; Foyer and Noctor, 2005). 
A common form of ROS in plant cells is sin-
glet oxygen (1O

2

*) which is formed when acti-
vation energy is directly transferred from the 

triplet-state of chlorophyll to molecular oxygen. 
Formation of other ROS results from sequential 
transfer of electrons to molecular oxygen (Fig. 
7). Formation of superoxide (•O

2

−) is a com-
mon process and plants have evolved efficient 
systems for detoxification of •O

2

−. Superoxide 
dismutases, as a rapid defense against ROS, are 
capable of  generating molecular oxygen and the 
far less reactive hydrogen peroxide (H

2
O

2
) from 

two •O
2

− molecules (Grene, 2002). Hydrogen 
peroxide can then be further detoxified through 
different peroxidases or the glutathione-ascor-
bate-cycle (Noctor and Foyer, 1998). Under 
stress conditions, however, the capacity for 
detoxification of ROS might not be sufficient, 
resulting in formation of a multitude of different 
ROS within the same cell or subcellular com-
partment. This mixture of ROS in most cases 
makes it difficult to unequivocally detect a par-
ticular form of ROS.

A number of chromogenic probes for ROS 
have been widely used for a broad range of dif-
ferent applications including toxicity assays 
and formation of ROS after pathogen attack. 
Nitro blue tetrazolium salt (NBT) reacts with 
•O

2

−, whilst 3,3′-diaminobenzidine (DAB) gives 

Fig. 6. Inhibition of glutathione biosynthesis causes oxidation of roGFP2. Arabidopsis seeds transformed with roGFP2 were 
germinated on Agar plates with or without 1 mM BSO for 7 days and imaged for the redox status of roGFP2 and GSH levels. 
All images are maximum projections from stacks of serial optical sections. The ratio images show analysis of control roots (a) 
and roots grown on 1 mM BSO (b). The color scale shows the pseudocolor coding for reduced (blue) and oxidized roGFP2 (red). 
Bars = 100 µm (See Color Plates).
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brown  precipitates with H
2
O

2
 in the presence of 

ascorbate peroxidase (Thordal-Christensen et al., 
1997; Fryer et al., 2002).

Singlet oxygen specifically quenches the fluores-
cence from the dansyl-based fluoro  phore DanePy 
(5-Dimethylamino-naphthalene-1- sulfonic acid 
(2-diethylamino-ethyl)-(2,2,5,5-tetramethyl-2, 
5-dihydro-1H-pyrrol-3-ylmethyl)-amide), whilst 
another dansyl-based compound, HO-1889NH, is 
quenched by both 1O

2

* and •O
2

− (Hideg et al., 2001, 
2002, 2006). These compounds were designed by 
chemically adding a spin trap to the fluorophore 
dansyl-chloride, which results in partial quench-
ing of fluorescence in the presence of ROS. With 
these compounds ROS production can be meas-
ured as the relative decrease in sensor fluorescence 
after leaf infiltration and corrected for blue-green 
autofluorescence of leaves or another dye. Dan-
syl-chloride on its own can be used as a control as 
it has the same fluorophore, but lacks the spin trap 
(Hideg et al., 2001). These dyes need to be vac-
uum infiltrated into detached leaves or taken up 
via the transpiration stream, which might impose 
problems with even distribution of the dye within 
the tissue. In addition, dansyl-based fluorophores 
accumulate preferentially in chloroplasts in intact 
leaves (Hideg et al., 2001, 2002; Fryer et al., 
2002). A better alternative to DanePy is Singlet 
Oxygen Sensor Green (SOSG) which is able to 
diffuse through cuticles and membranes and thus 
can be painted directly on leaves. SOSG shows 
a high preference for 1O

2

* and has been used to 
show that 1O

2

* is produced by wounding even in 
the dark (Flors et al., 2006).

Fluorescein derivatives and dihydrodichlo-
rofluorescein diacetate (H

2
DCFDA) in particular 

are currently the most widely used fluorescent 
probes for ROS. The dihydro-derivatives of fluo-
rescein are non-fluorescent until oxidized to the 
brightly fluorescent dichlorofluorescein (DCF). 
For a long time the oxidation of H

2
DCFDA was 

thought to be relatively specific for H
2
O

2
, but it is 

now known that peroxidases are capable of inducing 
H

2
DCFDA oxidation even in the absence of H

2
O

2
 

(Rota et al., 1999; Tarpey et al., 2004). Further-
more, the H

2
O

2
-dependent oxidation needs the 

presence of ferrous iron and is greatly enhanced 
in the presence of heme-containing compounds 
or other redox-active metal ions (Tarpey et al., 
2004). Although this oxidation in living cells is 
preferentially mediated by H

2
O

2
, these probes 

are also reactive towards other ROS, with high-
est sensitivity towards the hydroxyl radical (•OH) 
(Table 1). The oxidized dye accumulates in dif-
ferent organelles like chloroplasts, mitochondria, 
cytoplasm and vacuole, imposing problems in 
quantifying the response and inferring informa-
tion about ROS production in distinct subcellular 
compartments. Possible problems related to dye 
leaking out of the labeled cell can be partially 
avoided by using the derivative carboxy-H

2 
-

DCFDA, which is suggested to be better retained 
within the cell.

Dihydrorhodamine 123 (DHR 123) is a struc-
tural analog of H

2
DCF and is also responsive to 

ROS through oxidation to the fluorescent rhod-
amine 123. DHR 123 is membrane permeable 
and accumulates in the mitochondria. Oxidation 
by H

2
O

2
 requires the presence of heme-contain-

ing peroxidases or other heme-compounds like 
cytochrome c (Royall and Ischiropoulos, 1993).

Dihydrocalcein is another probe that becomes 
fluorescent after oxidation and is recommended 
to be superior to the other ROS probes because 
the oxidation product calcein is not thought to 
leak out of cells. Oxidation appears to take place 
in the mitochondria where calcein accumulates. 
However, it was also shown that dihydrocalcein 
inhibits the activity of complex I of the mitochon-
drial electron transport chain (Keller et al., 2004). 
Independent of whether electrons for reduction 
of dihydrocalcein are derived from complex I or 
whether the probe is only inhibiting normal func-
tion of the electron transport chain this interfer-
ence puts major doubts on the usefulness of this 
probe for reliable ROS imaging.

In contrast to the initially colorless probes dis-
cussed before, dihydroethidium (DHE) is already 
fluorescent in its reduced form. Dihydroethidium 
has been reported to be sensitive to •O

2

−, but there 
is some controversy about whether the oxida-
tion product is ethidium or a distinctly different 
form (Zhao et al., 2003). In any case the oxida-

Fig. 7. Sequential transfer of electrons to molecular oxygen 
and formation of reactive oxygen species (ROS).
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tion product binds to DNA resulting in significant 
increase in fluorescence. In plants DHE has been 
used to observe •O

2−

  production under conditions 
of heavy metal stress (Yamamoto et al., 2002; 
Rodriguez-Serrano et al., 2006), but can be dif-
ficult to introduce into different cell types (M.D. 
Fricker, unpublished).

RedoxSensor Red CC1 is unique in that the 
subcelluar localization of fluorescence appears 
to be dependent of the redox environment in 
the cytosol. In animal cells the non-fluorescent 
probe is either oxidized in the cytosol followed 
by accumulation of the fluorescent product in 
the mitochondria or alternatively the non-
fluorescent probe is sequestered to the lysosome 
where it is subsequently oxidized (Haugland, 
2005). For plant cells a differential localiza-
tion of the probe between mitochondria and the 
vacuole has been observed (S. Jeridi and A.J. 
Meyer, unpublished).

Considering the problem highlighted in rela-
tion to compartmentation of the dyes, lack of 
specificity to a particular ROS and possible 
interference with biological compounds leading 
to artifactual fluorescence, all these probes can 
only be used as qualitative indicators of oxidative 
stress rather than quantitative sensors for the rate 
of H

2
O

2
 formation. In addition, the accumulation 

of H
2
O

2
 during oxidative stress is thought to be 

transient, which requires detailed analysis of the 
time-course of fluorescence increase to quantify 
the kinetics.

Another important reactive signaling molecule 
that interacts with thiol groups is nitric oxide 
(NO) (Lamattina et al., 2003; del Rio et al., 2004; 
Crawford and Guo, 2005). The S-nitrosation reac-
tion and its reverse reaction represent the most 
convenient general way to store, to transport and 
finally to release NO and at the same time modify 
potential target proteins. A number of fluorescent 
probes have been developed that allow visualiza-
tion of NO in living cells. Cellular imaging has 
mainly used the increase in fluorescence follow-
ing reaction of NO oxidation products with vici-
nal amine groups of diaminofluorescein (DAF-2) 
or the less pH sensitive fluoromethyl derivative 
(DAF-FM) to give a fluorescent triazole prod-
uct (Kojima et al., 1998, 1999). These dyes are 
loaded into cells as membrane permeant diacetate 
derivatives (DA), which are then deacetylated to 
release the free dye. Reaction with auto-oxidation 
products of NO, such as N

2
O

3
, gives a 160-fold 

increase in fluorescence from a low background. 
Both dyes have been used in plants as qualita-
tive indicators of NO production (Foissner et al., 
2000).

Quantitative analysis is more difficult. The 
relationship between fluorescence and the level 
of NO is not straightforward. NO requires oxi-
dation to N

2
O

3
 to react, which may be slow and 

depends on the level of O
2
 and other NO scav-

enging systems. Substantial intracellular accu-
mulation of the free dye to mM concentrations 
increases the probability of reaction, but can 

Table 1. Reactivity of selected fluorescent probes for live cell imaging 
towards different reactive oxygen species.

 1O2
* •O2

− H2O2 •OH

DanePy X   
HO-1889NH X X  
SOSG X   
MitoSOX  X  
H

2
DCFDA X X X XX

DHR 123   X 
Dihydrocalcein   X 
Dihydroethidium  X  
RedoxSensor Red CC-1  X X 

DanePy: 5-Dimethylamino-naphthalene-1-sulfonic acid (2-diethylamino-ethyl)-

(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-ylmethyl)-amide; HO-1889NH: 

5-Dimethylamino-naphthalene-1-sulfonic acid (2,2,5,5-tetramethyl-2,5-dihydro-

1H-pyrrol-3-ylmethyl)-amide; SOSG: Singlet Oxygen Sensor Green; H
2
DCFDA: 

dihydro-dichloro fluorescein diacetate; DHR 123: Dihydrorhodamine 123.
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also give sufficient fluorescence from the unre-
acted dye to mask low levels of triazole forma-
tion (Rodriguez et al., 2005). The measurement 
itself may trigger a marked fluorescent increase 
from photoactivation of the dye (Broillet et al., 
2001; Balcerczyk et al., 2005) or stimulation 
of NO release from artificial NO donors. Acti-
vation by oxidizing agents like HRP/H

2
O

2
 may 

promote direct reaction with NO rather than N
2
O

3
 

(Jourd’heuil, 2002). The effect of reducing agents 
is also complex. Ascorbic acid (AA) and dehy-
droascorbate (DHA) compete with the dye for 
N

2
O

3
, reducing the fluorescence yield (Rodriguez 

et al., 2005), but may themselves react with the 
dye to give fluorescent products that are spec-
trally similar, giving increases in fluorescence 
that are independent of NO levels (Zhang et al., 
2002). One useful control is to use mono-amine 
derivatives such as 4-aminofluorescein (4-AF) 
that do not react with NO. Substantial increases 
in 4-AF fluorescence in some tissues have been 
used as a criterion to reject the use of DAF probes 
to measure NO (Beligni et al., 2002). In this case, 
the rhodamine-based di-amine NO probes were 
more appropriate.

To ensure specificity for NO, the experimental 
protocol typically includes abolition of the signal 
in the presence of NO scavengers, such as cPTIO, 
inhibition of NO synthesis by non-metabolized 
analogues, and artificial elevation of NO by NO 
donors. In the latter case there is some evidence 
that the rate of detectable NO production is itself 
dependent on Ca2+ (Broillet et al., 2001).

Unlike reversible binding exploited in the 
development of ion indicators, for example, the 
absolute fluorescent signal integrates the total 
level of triazole formed during the time course. 
The instantaneous gradient should give an indirect 
measure of the NO concentration, although the 
calibration is essentially unknown because of the 
involvement of additional reaction intermediates. 
To measure rates requires more detailed time-
course measurements, which have not usually 
been attempted in plants. In some reports that do 
include time-courses, the level of triazole fluores-
cence apparently declines. As triazole formation is 
essentially irreversible, a decrease in fluorescence 
does not mean the level of NO production has 
changed, but that there are other experimental arti-
facts affecting the signal, such as redistribution of 
the dye outside the field of view, photobleaching, 

sequestration in a low pH environment quenching 
the fluorescence, leakage to the medium or dye 
destruction by detoxification systems.

If the dyes are working properly and react with 
a significant proportion of the NO produced, they 
should also deplete NO levels and interfere with 
the downstream signaling pathway. Whether this 
occurs in vivo has not been reported.

B. Ratioable Transgenic Probes for H2O2

Another genetically encoded probe with great 
potential for future research is the recently devel-
oped H

2
O

2
-sensitive HyPer (Belousov et al., 

2006). This probe consists of a circularly permu-
tated YFP inserted into the regulatory domain of 
the Escherichia coli protein OxyR (OxyR-RD). 
OxyR is a redox-responsive transcription fac-
tor that undergoes significant conformational 
changes after H

2
O

2
 binding which enables DNA 

binding (Choi et al., 2001). In the fusion with YFP 
the conformational change after H

2
O

2
 binding is 

transmitted to YFP and changes the excitation 
properties of the fluorophore. Therefore, HyPer 
is also a ratiometric probe, with excitation peaks 
at 420 nm and 500 nm and emission at 516 nm. 
In the free form the 420 nm excitation peak is 
predominant, whereas upon binding of H

2
O

2
 

this peak decreases and the 500 nm excitation 
peak increases proportionally. HyPer is sensitive 
to submicromolar changes in H

2
O

2
 and thus is 

expected to allow visualization of physiological 
H

2
O

2
 concentrations. The fully reversible probe 

should also enable dynamic H
2
O

2
 measurements 

in cells exposed to biotic or abiotic stress.

C. Experimental Induction of ROS

In contrast to the imaging of ROS generated 
during environmental stress it might also be of 
interest to deliberately generate ROS to validate 
and possibly calibrate the fluorescence measured 
with ROS-specific dyes or to generate ROS to 
initiate localized transduction cascades or destroy 
cellular components in a targeted way. Photosen-
sitizers, such as Rose Bengal, are chromophores 
that generate ROS upon light irradiation. More 
precise inactivation of selected proteins can 
be achieved by fusing the targeted protein 
with a photosensitizer in a technique termed 
chromophore-assisted light inactivation (CALI; 
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Tour et al., 2003). Initially, this was achieved 
through addition of a small tetra-cysteine pep-
tide motif (Cys-Cys-Pro-Gly-Cys-Cys) that 
binds fluorescent bis-arsenical ligands with high 
affinity (~10−11 M) to give a fluorescent complex 
(Griffin et al., 1998; Adams et al., 2002). Three 
fluorescent ligands, with different spectra based 
on xanthene (CHoXAsH), fluorescein (FlAsH) or 
resorufin (ReAsH), are now commercially avail-
able (Invitrogen, Lumio series). The ligands are 
applied as membrane-permeant complexes with 
1,2-ethanedithiol (EDT). Once in the cell, the tet-
racysteine hairpin displaces the EDT to generate 
a minimally disrupted fluorescent fusion protein. 
Under high levels of illumination, these fluoro-
phores produce singlet oxygen that is capable of 
inactivating proteins in the immediate vicinity. 
More recently, the protein KillerRed has been 
developed in which the entire photosensitizer 
is genetically encoded and can be transcription-
ally fused to the target (Bulina et al., 2006). This 
protein has been developed on the basis of the 
Anthomedusa chromoprotein anm2CP (Shagin 
et al., 2004) and generates ROS upon irradiation 
with green light. Due to the high reactivity of 
ROS the localized ROS production then will lead 
to selective damage of adjacent molecules.

VI. Conclusion and Future Perspectives

Generation of ROS is a normal feature of metabo-
lism that occurs at tightly controlled rates under 
non-stress conditions, but can be dramatically 
increased under conditions of oxidative stress. 
This deviation from steady state directly of indi-
rectly affects the oxidation of different cellular 
components and cysteine residues in particular. 
Glutathione is a key metabolite for redox control, 
and it is likely that the glutathione redox potential 
is directly exploited to alter the oxidation state and 
thus the activity of effector proteins, with GRXs 
as important mediators to ensure tight coupling 
and specificity. Thus, the formation of ROS, the 
glutathione redox buffer, GRXs and target proteins 
are all components of the same signaling pathway. 
To understand the dynamics of this pathway, par-
ticularly as many of the signals are themselves 
short-lived and highly localized, it is essential to 
quantitatively analyze these components in living 
cells with good spatial and temporal resolution.

Formation of ROS in non-stressed cells is 
mainly restricted to organelles like mitochondria 
and chloroplasts. Micro-compartmentation is 
also likely to occur during many forms of stress 
and biotic interactions in particular. Analysis of 
micro-compartmentation of oxidative stress and 
signaling as well as dissection of redox signals 
at high spatial and temporal resolution can only 
be achieved through imaging approaches applied 
to living cells. Another challenge will be to 
understand more about the way plants regulate 
the amount of ROS at the cellular and subcel-
lular level. In this context reversible genetically 
encoded probes that can be targeted to different 
organelles currently have the greatest potential for 
providing new insights into the cellular redox net-
work. In combination with thiol redox proteom-
ics the imaging approaches will provide detailed 
insights into the complex redox network.

As already noted the dynamic measurement of 
ROS is still in its infancy. Nevertheless, with the 
development of new GFP-based probes it now 
seems feasible to get new insights into the dynamics 
of redox metabolism and to dissect ROS-depend-
ent signaling pathways. Thus, it is expected that 
broad application of these novel imaging tech-
nologies will lead to a dramatic increase of our 
knowledge about redox signaling.

Increasing evidence points at significant cross-
talk between redox-dependent pathways and other 
signaling pathways. This has already been shown 
for ROS and Ca2+ (Gomez et al., 2004), abscisic acid 
(Pei et al., 2000), ethylene (Moeder et al., 2002), 
salicylic acid (Mateo et al., 2006), and is also likely 
to occur for pathways dependent on other signaling 
molecules. Integration of all these signals into the 
entire cellular signaling network further highlights 
the necessity for a dynamic and quantitative analy-
sis of signals in living cells. Better understanding of 
this network is expected to aid the improvement of 
plants towards environmental stress.
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Anticarcinogenic protective enzymes 428

Anti-nutritional 428

APAT 310
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Apicomplexans 34

Apoplast 169

APR 52, 53, 237, 238

AprAB 344

APS 10, 422

APS kinase 11, 33, 37, 40, 41, 52, 237

APS reductase 9, 10, 33, 40, 45, 139, 237, 296, 309, 

311, 361

APS sulfotransferase 6, 237

APSK 237

Aptamers 106

Aquifex 320, 321, 326, 330, 331

Arabidopsis 16, 18, 19, 20, 23, 25, 202, 206, 226

Arabidopsis thaliana 6, 9, 34, 120, 134, 164, 202, 205, 206, 

210, 211, 212, 214

Archaeoglobus fulgidus 345

Arginine 404

ARS1 249

ARS2 250

Arsenic 423

Arsenite 351

Arylsulfatase (ARS) 249, 401

Asfetida oil 9

Asparagine 427

Asparagine loop 69

Assimilatory sulfur metabolism 359

Assimilatory sulfate reduction 5, 8, 11, 292, 338, 352

Asteraceae 9, 201, 202, 212–215

Atmosphere 426

Atmospheric deposition 418

Atmospheric sulfur 421, 424, 425

deposition 425, 426

Atmospheric sulfur gases 424

Atmospheric sulfur inputs 425

ATP 419

binding cassette 16

graps superfamily 163

sulfurylase (ATPS) 10, 11, 33, 36, 39, 52, 237, 309, 310, 

338, 345, 361, 402, 419

synthase 404

ATS1 237

ATS2 237

Auto-fluorescence 485

Autotrophic chemolithotrophs 425

Azadirachta indica 9

Azobacter vinelandii 132

B
Bacillus subtilis 9, 21, 42, 349

Bacteria 426

Bacterial genomes 34

Bacteriochlorophylls 270, 290

Bacterioferritin 351

Barley 18, 427

Beech (Fagus sylvatica) 420, 421

Beer 427

Beer’s law 464

Beggiatoa 5, 426

Beggiatoa alba 8, 475

Benthic microbial mats 379

Bi(sulfite) 421

Bigelowiella 35

Biochemical plasticity 93

Biodiversity 398

Biological decay 426

Biological sulfide removal 439

Biosensors 487

Biotic stress 418

Biotin 421

Biotin synthase 140

Biotin synthesis 131

Black Sea 375, 377, 378, 383, 385–390

Black Smokers 380

Blastochloris sulfoviridis 293

Blastochloris viridis 295

Branches 419

Brassica 16, 18, 423, 424, 426, 428

Brassica juncea 163

Brassica napus 17, 24, 120

Brassicaceae 9, 201–203, 205–207, 211–213, 423

Brassicales 202, 203, 208

Brassinolide 120

Brassinosteroid sulfotransferases 120

Breadmaking 418, 427

performance 427

quality 427

Brewhouse performance 427

BSO 166

Bud death 426

Buds 421

Buoyancy 401, 406

Buoyant density 381, 382

Butathionine sulphoximine 25

C
C:S ratio: 407, 408

cad1-1 172

cad2-1 165

Cadmium 399, 423

Cadmium-phytochelatin complex 423

Caenorhabditis elegans 171

Camalexin 202, 206, 207, 210, 211, 212

Cameleons 487

Carageenanse 125

Carbon cycle 387

Carbon sources, utilization of 276

Carbon 397, 403, 404, 407

Carbon-skeleton 404

Carbonic anhydrase 404

Carcinogenic 423, 427

Carrageenan 243

Catalase 228

Cattle 418, 428

Cell walls 427

Cell-sulfur contact 304

Cereal leaves 427

Cereals 424, 425

Chemical defenses 201, 202, 205, 210, 212, 424

Chemocline 375–378, 382, 383, 385, 387, 389, 390

Chemolithotrophic 381
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Chhlamydomonas reinhardtii 193

Chlamydomonas 25

Chlamydomonas acidophila 246

Chlamydomonas reinhardtii 17, 23, 34, 172, 

226, 232

Chlorarachniophytes 34

Chlorella 41

Chlorella pyrenoidosa 17

Chlorella pyrenoidosa 233

Chlorella vulgaris 17, 236

Chlorobaculum 281, 283

Chlorobaculum parvum 292, 300, 339

Chlorobaculum tepidum 339

Chlorobi 338

Chlorobiaceae 3, 11, 190, 270, 271, 280, 76, 379–382, 386, 

389, 390, 474

phylogeny of 274

Chlorobium 33, 34, 281

Chlorobium chlorochromati 339

Chlorobium clathratiforme 339

Chlorobium ferrooxidans 292, 339

Chlorobium limicola 5, 339

Chlorobium luteolum 339

Chlorobium phaeobacteroides 339

Chlorobium phaeovibrioides 339

Chlorobium phaeovibrioides subsp. thiosulfatophilum 339

Chlorobium tepidum 339

Chlorobium thiosulfatophilum 292, 339

Chlorobium vibrioforme 302, 475

Chlorobium vibrioforme subsp. thiosulfatophilum 339

Chlorochromatium 377, 384

Chlorochromatium aggregatum 339

Chloroflexaceae 5, 10, 190, 270, 271, 292

Chloroflexus 33, 34, 292

Chloroflexus aurantiacus 292, 350

Chloroherpeton 283

Chloroherpeton thalassium 339

Chloronema 292

Chlorophyll 407

Chlorophyll -a/b algae 407

Chlorophyll -a/c algae 407

Chlorophyte 400, 401, 407

Chloroplast

development 192

transport 22

Chloroplasts 20, 131, 188, 419, 423

Chlorosomes 292

Choline sulfotransferase 119

Choline SULT 119

Chondrus crispus (Irish moss) 243

Chromalveolates 34

Chromatiaceae 2, 10, 272, 273, 290, 293, 294, 

375, 376, 379–383, 385–389, 474

Chromatium 3, 33, 294

Chromatium okenii 293

Chromophore-assisted light inactivation 496

Chrysophyte 407

CLAW hypothesis 233

Climate 421

forcing 406

Cloud condensation nuclei (CCN) 233, 404

Cluster biogenesis 131

CO
2
 concentrating mechanism 404

CO
2
 404

fixation 270

CoA 363

Cobalamin 239

Cobalamin-dependent Met synthase (CDMS) 98

Cobalamin-independent Met synthase (CIMS) 98

Coccolitophores 407

Coenzyme A 421

Compartmentation 161

Compatible solute 406, 407

Confocal laser scanning microscopy 488

β-conglycinin 426, 427

Conifer 420, 425

Conjugation 491

Control of metabolites 104

Cooked foods 427

Copper (Cu) 418, 423, 428

Copper deficiency 428

Covalent bounds 421

CpIscA 136

CpNifS 134

Crop

biomass density 419

plants 417, 418, 421

species 419

Crops 426, 427

Cross-talk 178, 497

Cryoprotectant 406, 407, 408

Cryptophytes 33

csdA 134

C-terminal tail 66

Cyanide 76

Cyanidioschyzon merolae 34, 235

Cyanobacteria 3, 33, 34, 40, 43, 93, 186, 319–321, 324, 

325, 328, 330

β-cyanolanine synthase (CAS) 64, 76

Cyanophora 35

Cyclo-octasulfur 6, 304, 472, 475

Cyclopropane fatty acids 94

Cynanobacteria 270

Cys1Acr 239

CysA 233

CysDN 310

cysE 60, 133

CysH 344

cysK 60

cysM 60

CysR 61, 233

Cys-regulon 61

CysT 233

Cystathionine β -synthase (CBS) 49, 50, 51, 98

Cystathionine β-lyase (CBL) 95, 97, 239

Cystathionine γ -lyase (CGL) 98

Cystathionine γ-synthase (CGS) 95, 97, 239

Cysteine 2, 131, 363, 402, 403, 417–424, 426

degradation of 72

desulfhydrase 424

desulfurase 74, 131

residues 421
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Cysteine (Continued)

synthase 60, 363

synthase complex 70, 403

synthesis 62

Cysteine-bimane 491

CysW 233

Cytochrome b6f complex 193

Cytochrome bc1 complex 295

Cytochrome c 343

Cytochrome c2 295

Cytochrome c8 296

Cytochrome cy 296

Cytochrome P450 monooxygenases 215

Cytochrome P450-dependent monooxygenases 206, 207, 212

Cytokinins 25

Cytosol 62, 224

D
DanePy 494

Dansyl-chloride 494

D-cysteine 73

desulfhydrase 76

Defenses 202, 417

Defensins 202, 210, 212, 213, 214

Dehydroascorbate 173

reductase 173

Density 401, 406

Desulfoglucosinolate SULT 121

Desulfovibrio 47

Desulfovibrio desulfuricans 345

Desulfuromonas 10

Desulfuromonas acteoxidans 351

Deterrence 400, 407

Detoxification 112, 170

Diacylglycerol 186

Diaminofluorescein (DAF-2) 495

Diatom 188, 407

Dihydrocalcein 494

Dihydrodichlorofluorescein diacetate (H
2
DCFDA) 494

Dihydroethidium (DHE) 494

Dihydrolipoic acid 300

Dihydrorhodamine 123 (DHR 123) 494

Dimethylsulfoniopropionate 343

Dimethyl sulfide (DMS) 94, 232, 293, 398, 409, 410, 411, 

412, 414, 426

Dimethyl sulfoxide 293

Dimethylsulfiopropionic acid (DMSP) 101, 232, 233, 403, 

410, 411, 413, 414, 415, 416, 426

dimethylsulfonioproprionate (DMSP)-lyase 413, 415

dimethylsulfonioproprionate (DMSP)-synthesis 414, 415

Dimethylsulfonium propionate (DMSP) 5

Dimethylsulphide 94

Dinoflagellates 34, 407

Dipeptidases 169

Dissimilatory oxidation of sulfide 441

Dissimilatory sulfate reduction 9, 33

Dissimilatory sulfate-reducing bacteria 428

Dissimilatory sulfite reductase 338, 344, 365

Dissimilatory sulfite reductase (Dsr) system 361

Dissimilatory sulfur-oxidizing prokaryotes 224

Distribution of sulfate 418

Disulfanes 7, 472, 474, 477

Disulfide 421

bond formation 487

bridges 178, 421, 492

oxidoreductase 176, 320, 324, 325, 328, 329, 332, 333

Ditylum brightwelli 246

Diversity 375, 379, 383, 386, 390

DMSP lyase 241

DNA binding motif, helix-turn-helix 104

DNA degradation products 423

Domain II 117

Dormancy 421

Doubling times 385, 386

Dough extensibility 427

DRA 21

Drainage water 425

Drought 423

Dry and wet sulfur deposition 425

Dsr complex 363

dsr gene cluster 344

DsrAB 306

DTDST 21

Dunaliella salina 238

Dunaliella tertiolecta 240

E
E. coli cysH 238

Ecology 375, 376, 386

Ecosystem budgets 425

Ectothiorhodosinus 295

Ectothiorhodosinus (Ect.) halochloris 294, 295

Ectothiorhodospiraceae 2, 10, 272, 273, 290, 293, 294, 474

γ-EC transport 166, 167

electrical potential 401

Elemental sulfur 2, 4–6, 133, 202, 210, 211, 274, 303, 338, 

340, 417, 424, 425, 474, 476

activation 303

binding 303

oxidation 303

transport 303

up take 303

Emiliana huxleyi 238

Emiliania 43

Endoplasmic reticulum 168

Endosperm 429

Endosymbiosis 34, 47, 49, 94, 106

Endosymbiotic mechanism 106

Energy 398, 399, 400, 401

Entamoeba 49

Entamoeba histolytica 40

Enteromorpha intestinalis 9, 238

Environment 418, 428

Enzymes 421

Epithionitriles 204, 205

Erucic acid 430

Erwinia chrysanthemi 133

Erythromicrobium hydrolyticum 291

Escherichia coli 40, 134, 163, 348

Essential cysteines 320, 329, 331, 333
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Essential nutrient 417

Ester-sulfate 403

Euglena 4, 35, 53

Euglena gracilis 42, 44, 233

Euglenoids 34

Europe 425

Evatranspiration 425

Extended E-ray absorption fine structure spectroscopy 

(EXAFS) 462, 466, 470, 471, 474

Extracellular polymeric substances 304

F
Fabaceae 208, 210, 212–214, 422

Fatty acid 283

Fatty acid composition 423

fccAB 349

Fenton reaction 175

Ferredoxin 134, 238, 419, 420, 421

Ferrous iron 338, 351

Fertilizers 418, 425, 428

FeS cluster 42, 43, 131

Filamentous anoxygenic phototrophs 3, 290, 292

Fitness 418

Flacocytochrome c sulfide dehydrogenase 359

Flagella 382, 383

Flaveria chloraefolia 114, 119

Flavin C4a-adduct 329

Flavocytochrome c (FCC) 296, 300, 302–304, 320, 338, 343

Flavonoid sulfotransferases 119

Flavonoid SULT 122

Flavonoids 425

Flavonol 3-SULTs 117

Flavonol 4′-sulfotransferase 114

Flavonol 4-SULTs 117

Flavoprotein 329, 333

Flavoprotein redox imaging 485

Flavor 203, 207, 423

compound 427

precursors 424

Flour 429

Fluorescence attenuation 488

Fluorescence resonance energy transfer (FRET) 486

Fluorescent indicator protein (FLIP) 486

Fluorophore protonation 486

Flushing 421

FMO protein 280

fmoA sequences 280

Foliage 419, 420, 421, 425

Food

quality 418

safety 427

web complexity: 407

Forage 428

Forest

ecosystems 425

floors 425

soils 425, 426

trees 426

Forests 419, 425

Free radicals 225

Fruit production 419

Functional plasticity 320

Fungi 425

G
Gaia hypothesis 406

Gallic acid glucoside sulfotransferase 123

Garlic 203, 206–208

alliinase 208

Gas vesicles 381–383

Gasotransmitter 321, 331

Gastritis 428

Gene redundancy 18

Genomics 34

Genus definitions 276

Germination 427

GFP 486

Glaucocystis 35

Glaucophytes 34

α-gliadins 427

β-gliadins 427

γ-gliadins 427

ω-gliadins 427

Gliding 382

Gloeobacter violaceus 242

β-glucan 427

Glucosinolate 7, 202–204, 206–208, 210, 212, 417, 423, 

427, 428

myrosinase 201, 205, 206

Glutamate-cysteine ligase (GSH1) 162, 492

Glutamine 412, 414

synthase 412

Glutaredoxin (GRX) 7, 9, 52, 167, 244, 487

Glutathione (GSH) 2, 9, 25, 161, 224, 239, 300, 304, 

363, 400, 412, 417, 418–423, 484

amide 307, 362

ascorbate cycle 162, 422, 493

bimane 170, 489

conjugates 168

biosynthesis 162

disulfide 484

homologues 422

peroxidase 244

redox potential 492

reductase 168, 422

reduction potential 176

S-conjugates 170, 171

S-transferase (GST) 170, 244, 423

synthetase (GSH2) 239

sythetase 162, 422

transport 166

γ -glutamylcysteine synthetase (γ-ECS/GSH1) 239

γ-glutamyl cycle 170

γ-glutamyl peptides 208, 209, 423, 424

γ-glutamyl transpeptidases 169, 171, 424, 491

γ-glutamylcysteine 165, 422, 423, 484

synthase 422

Glutathionylation 246, 492

Gluten 427

proteins 477
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Glycine betaine 406

Glycinin 426

Glyoxalase I 171

GMAK170 18

Goitrogenic 428

Gpx-1 246

Gpx-2 246

GPXH 247

Grain 424, 427

Grassland 424

Grazing 405, 407, 408, 428

activated defense 407

intensity 407

Green algae 34

Green non-sulfur bacteria 33

Green sulfur bacteria 2, 10, 33, 269, 292, 300, 337

Green sulfur bacteria species, major groups 283

Ground or runoff water 425

Growth 407, 408, 410, 414, 415

GSH/GSSG ratio 422

gsh2 null-mutants 167

GSSG 420

Gypsum 418

Gypsum-rich soils 426

H
H+-sulfate co-transporter family (SulP) 18

H
2
S 421, 424, 426

Haloalkaliphilic purple sulfur bacteria 273

Halochromatium 294

Halophytes 426

Halorhodospira 273, 294

Halorhodospira (Hlr.) halophila 209, 294, 295, 297, 300, 

302, 304, 306, 309, 311, 340, 475

Halorhodospira abdelmalekii 475

Halorhodospira neutriphila 295

Haptophytes 34

HCys synthase 96

HCys, homocysteine 95

Heavy metal tolerance 320, 321, 331, 332

Heavy metals 417, 489

Helicobacter pylori 428

Heliobacteria 3, 10, 269, 270, 290, 291

Heliobacteriaceae 33, 271, 292

Heliobacterium sulfidophilum 292

Heliobacterium undosum 292

Helix-turn-helix DNA 104

Heme 132, 368

Heme domain 226

Hemoproteins 368

Herbaceous plants 420

Herbicide detoxification 423

Herbicides 489

Herbivores 202, 205, 206, 208, 210, 213, 215

Herbivory 417

Heterocapsa 35, 43, 52

Heterocapsa triquetra 238

Heterodisulfide reductase 307, 338, 345, 350, 361, 

363, 365

Heterokonts 34

Heterotrophic bacteria 427

Hg (Mercury) 425

hgt1p 167

High potential iron-sulfur protein (HiPIP) 295, 299

Higher taxa 277

Historical outline 3

HMT2 320, 321, 327, 329, 331

HO-1889NH 494

Homocysteine (HCys) 96

Homocysteine synthase (HS) 96

Homoglutathione 163, 242

Homoglutathione synthetase 163

Homoserine kinase (HSK) 96

Homoserine trans-acetylase (HTA) 96

Homoserine trans-succinylase (HTS) 96

Hormones 425

Human SQRDL 329, 333

Humans 418, 426, 427

hupSLCD gene cluster 351

HYD 252

Hydrodictyon reticulatem 17

Hydrogen 338, 351

Hydrogen peroxide (H
2
O

2
) 227, 422

Hydrogenase 252

Hydrolytic enzymes 427

Hydrosphere 426

Hydroxyalkenyl glucosinolates 428

Hydroxyjasmonate SULT 121

Hydroxymethylglutathione 422

HyPer 496

I
Infrared light 375, 379

Inland seas 399

Inorganic pyrophosphatase 37, 52

Insects 203, 205, 208, 212, 214, 215, 424

Integrase 352

Ion-imaging 486

Iron 137, 405, 407

limitation 131

Iron-sulfur

cluster assembly 131

sulfur clusters 2

iscA 133

iscU 133

Isochromatium 294

Isochromatium buderi 293

Isochrysis galbana 238

Isoprenoid quinine 340

Isorenieratene 388–390

Isothiocyanates 204, 205, 215, 423, 428

J
Jasmonate 7

K
Kaempferol 122

Karolodinium 35

KillerRed 497
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L
Lachrymatory factor 7

Lakes 397, 398, 399, 400

saline 399, 400

Lamprobacter 294

Lamprobacter modestohalophilus 305

Lamprocystis 3, 294, 305

Lateral gene transfer 38, 338, 344, 346

Lateral transfer 352

L-buthionine-(S,R)-sulfoximine (BSO) 492

L-cysteine desulfhydrase 73, 74

L-cysteine lyase 73, 74

Leakage of nitrate 418

Leaves 421, 423, 426

Lectin 426

Left-handed parallel β-helix (L βH) 66

Legume

crops 427

seeds 426

Legumes 424, 426

Legumin 426

Lemna 4

Lemna gibba 17

Lemna minor 17

Lemna paucicostata 17

Lenthinus edodes 7

Lentionine 7

LGT 46, 52

Light availability 439, 440, 442

Light control 99

Light-diffusing optical fibers 457

Lignification 426

Limonium sativum 119

Lipid hydroperoxides 422, 423

Lipids 423

Lipo-polysaccharides 7, 304

Live cell imaging 484

Loaf volume of bread 427

Long-distance transport 172

Lotus japonicus 20

Low light adaptation 376, 378, 385

Low molecular weight (LMW) thiol 359, 361, 363, 364

Low temperature 423

Lowland ecosystems 425

M
Macro nutrient 193, 223

Macroptilium atropurpureum 24

Maillard reaction 427

Maintenance energy 376, 378, 379, 383, 385, 386

Maize 18, 423

Malate to sulfate ratio 425

Malt 427

Malting quality 418, 427

Mammary tumor model 428

Marchantia 36

Marchantia polymorpha 236

Marichromatium 294

Marichromatium purpuratum 475

Marine ecosystems 426

Marshes 426

Mass spectrometry 368

mbpX 17

Methionine 420

Methionine residues 421

Mercaptomalate 293

Mercaptoproprionate 293

Mesophyll 421

Mesostigma 36

Mesostigma viride 236

Mesozoic 407, 408

Met synthase (MS) 95, 99

Metabolite control 104

metabolite sensing 84

Metabolomics, 155, 160

Metalloids 423

Metallothionins 421

Metals 423

Metal-sulfur clusters 421

METE (methionine synthase) 239

METH (cystathionine beta-lyse) 239

Methanethiol 413

Methionine (Met) 93, 349, 363, 399, 403, 405, 406, 418

aminotransferase 406

homeostasis 93, 95, 101

precursors 96

recycling 99

synthase (MS) 95, 239, 411

Methylglyoxal 171

Methyljasmonate 121

Methylthioadenosine (MTA) 99

Microcoleus chtonoplastes 11

Micro-compartmentation 497

Microorganisms 425

Mimosa pudica 123

Mineral soils 425

Mineralization 418, 425

Mitochondria 35, 44, 62, 131, 167, 224, 340

Mixed disulfides 422

Mixotrophy 375, 381

Mo (Molybdemum) 428

Molecular convergence 332

Molecular oxygen 227

Molecular phylogeny 332

Molecular/genetic plasticity 93

Molybdate 399, 400

Molybdenum cofactor (Moco) 131, 223

Molybdopterin 143

cofactor 310

Monobromobimane 493

Monochlorobimane 166, 489

Monomer-homodimer switch 164

Monosulfane 467, 473, 475

MS isoforms 99

mto1 102

MTR cycle 99

54-methylthioribose (MTR) 99

5′-methyl-thioribose 1-phosphate (MTR1P) 100

Multidrug-resistance associated proteins 170

Multiphoton laser scanning microscopy 488
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Mycorrhiza 419

Mycothiol 363

Myrasinase 423

Myricetin 122

Myrosinases 202, 204, 205, 206, 208

N
N/S ratio 418, 428

N5-methyltetrahydrofolate 98

N-acetylserine (NAS) 61

NaCl, requirements 277

NAD synthesis 131

NAD(P)H fluorescence 485

NADPH 422

oxidase 173, 485

Nanoswitches 176

Natural ecosystems 417–419, 422, 424–426

Natural transformation 364

Needles 423

Nephroselmia olivacea 236

Nernst equation 176

Neurological 427

Neurospora crassa 18

nfu 136

nif 132

NifS 132

NifS-type 75

Nitrate 430

leaching 427

reductase 141, 400, 404

reduction 419

transporter 17

Nitric oxide (NO) 493

Nitriles 204, 205, 210, 423

Nitrite reductase 47

Nitroblue tetrazolium salt (NBT) 493

Nitrogen (Ni) 397, 403, 417, 418, 423, 424

assimilation 419

availability 402

deficiency 406

fixation 400

losses 425

nutrition 423

Nitrogen to sulfur ratio 417, 424

Nitrogenase 137

Nitzschia alba 188

Nodulation (Nod) factors 125

Nostoc 240

Nuclear pore complex 168

Nutrient

imbalance 424

uptake 426

Nutrients

Nutrition 424

Nutritional quality 428

Nutritive value 427

O
O-acetyl homoserine sulfhydrylase (OAHS) 96, 97

O-acetylserine sulfhydrylase 60

O-acetylserine (OAS) 17, 33, 60, 61, 419

O-acetylserine (thiol) lyase (OAS-TL) 49, 53, 49, 51, 69, 

242, 403, 419

OASTL1-4 239

Oceanic anoxic events 388, 390

Oilseed rape 423, 425, 428

Okenone 379, 388, 390

Oligopeptide transporter (OPT) 167

Onion 207, 208

Onion alliinase 207

Onion bulbs 423

O-phosphohomoserine (OPHS) 95

Organic disulfanes 2

Organic polysulfanes 7

Organic sulfur 418, 421, 425, 426

compounds 418

Oryza sativa 19, 34, 124

Oscillatoria 320, 321, 324

Oscillatoria limnetica 11, 302, 342

Oscillochloris 292

Oscillochloris trichoides 292

O-succinyl homoserine sulfhydrylase (OSHS) 96, 97

Osmoprotectant 406

Osmoticum 400

Ostreococcus tauri 256

O-succinyl homoserine sulfhydrylase (OSHS) 96, 97

Outer membrane 367

porin 304

Out-of-focus blur 488

Oviposition 203, 208

Oxazolidine-2-thione 423, 427

Oxidative decarboxylation 406

Oxidative pentose phosphate (OPP) cycle 175

Oxidative stress 131, 417

Oxidative sulfur metabolism 224

Oxidized glutathione 420

Oxyanions 400

OxyR 7

P
pad2-1 166

PAPS reductase 4, 9, 33, 40, 42, 46, 238

Paracoccus (Pcs.) pantotrophus 299, 300, 346

Parasites 35

Pasture 425, 428

Pathogens 202, 208, 210–213, 417, 424

Pavlova 35

PC synthase (PCS) 240

pCL1 348

Pea storage proteins 426

Pedosphere 418, 426

Pelochromatium 377, 384

Pelodictyon luteolum 339

Pelodictyon phaeclathratiforme 339

Penicillium chrysogenum 310

Perennial species 420

Periodic leaf movement factor 1 123

Peroxiredoxins 7

Peroxisomes 168, 227

Pest resistance 202, 206

Pests 417, 423, 424
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Phaedodactylum tricornutum 246

Phase II enzymes 428

Phloem 169, 420, 421

Phosphate deprivation 192

Phosphate 398, 402

Phosphatidyl glycerol (PG) 242

Phosphatidylglycerol 193

Phosphoadenosine-5′-phosphosulfate (PAPS) 398

Phosphoadenosine-5′-phosphosulfate (PAPS)-reductase 

(PAPR) 398, 402

Phospholipid 402

Phosphorous 418

Phosphorylation 22

Photic zone anoxia 388–390

Photobleaching 496

Photorespiration 168

Photosensitizers 496

Photosynthesis 33, 94

affinity 401

capacity 403

D1 403

efficiency 403

electron flow 403

photosystem 404

PSII 235, 193, 403

photosynthesis –apparatus 403

Photosynthetic electron transport 295

Photosynthetic membranes 192

Photosynthetic reaction center 295, 303

Photosystem (PS) I 193

Photosystem (PS) II 235, 193, 411

Phototrophic alphaproteobacteria 276

Phototrophic bacteria 61

Phototrophic betaproteobacteria 279

Phototrophic consortia 375–377, 382–385

Phototrophic green sulfur bacteria 280

Phototrophic sulfur bacteria 375–383, 

385–389, 391

Phototropic prokaryotes, major groups 270

Phototubes 452, 453, 457

Phycobilins 399

Phylogenetic analysis 18, 19, 36

Phylogenetic relationships 280

Phylotypes 378, 380, 383, 386, 390

Physcomitrella patens 9, 34, 42, 43, 226

Phytoalexins 201, 203, 207, 210, 211, 212, 

417, 426

Phytochelatins (PC) 171, 240, 407, 525

Phytopharmaceuticals 418, 423, 424, 428

Phytophthora 47

Phytophthora brassicae 165

Phytoplankton 397, 398, 399, 401, 403, 405, 406

Phytosulfokines 7

Phytosulfokine-α 124

Pinus radiata 425

Pisum sativum 168

Planar biofilms 455, 458, 460

Plant

functioning 418

nutrient 418

production 417

roots 428

sulfur nutrition 418

sulfur requirement 417

tissue 417

Plant-herbivore interactions 423

Plant-pathogen interactions 423

Plants 406, 426

Plasmid 348

Plastid membranes 423

Plastids 62, 224, 419, 423

Plectonema 238

Poaceae 210, 212, 213, 214, 422

Point spread function (psf) 488

Pollutant 407

Polymeric sulfur 6, 303, 304, 472, 473, 476, 477

Polypeptides 421

Polysulfanes 6, 304

inorganic 304

organic 304

Polysulfide reductase 311, 363

Polysulfide-reductase-like complexes 349

Polysulfides 6, 300, 302

Polythionates 2, 5, 6

Populus trichocarpa 34

Porphyra 4

Porphyra yezoensis 237

Porphyridium aerugineum 243

Potassium 418

Potato 18

Ppase 38

Primary growth 419

Probe design 485

Prochlorococcus 94

Progoitrin 429

Programmed cell death 173

Prokaryotes 60

Propanthial S-oxide 7

Prosthecochloris 281, 283

Prosthecochloris aestuarii 339

Prosthecochloris sp. 339

Protein disulfide isomerase (PDI) 244

Protein-N 428

Proteinogenic amino acids 95

Proteins 408, 411, 412, 417, 421, 422, 426

conformation of 423

function of 421

structure of 421

Proteobacteria 338

α-proteobacteria 163

γ-proteobacteria 163

Proteomics 23, 367

Proterozoic 407

Prototheca wickerhamii 236

Pseudomonas aeruginosa 9

Pseudomonas syringae 166

Pseudotsuga menziesii 427

PSR1 255

psr1 255

Puccinia triticina 478, 479

Pulvini 123

Purple bacteria 186, 270

Purple nonsulfur bacteria 3, 33, 275, 292

Purple sulfur bacteria 33, 269, 272, 293, 337, 338
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Q
Qmo complex 309, 345

qmoABC 338

Quantum requirement 439, 442, 443, 444, 454

Quercetin 122

Quercus prinus 425

Quinone 277

composition 273

interacting membrane bound oxidoreductase 366

R
Radiant power requirement 440, 441, 442, 457, 459

Rainfall 425

Random ter-reaction mechanism 164

Rapeseed 427, 428

Rate of sulfide 444, 451

oxidation 445, 454

removal 440, 441, 442, 448, 461

Ratio probes 485

Ratiometric measurements 487

rax1-1 166

RB47 245

RB60 245

Reactive oxygen species (ROS) 162, 232, 406, 422, 

484, 493

Red algae 34

Redistribution 24

Redox 132

environment 164

level 410, 418

network 497

signatures 484

state 422

Redox-sensitive GFP (roGFP) 486

Redox-sensitive YFP (rxYFP) 486

RedoxSensor red CC1 495

Reduced sulfur 418, 421

storage of 420, 421, 422, 424

transport of 422

Reduction 421

of sulfate 408

Reductive (also called reverse) tricarboxylic acid cycle 292, 340

Regulation of glucosinolate biosynthesis 153, 154

Regulation of sulfur assimilation

auxin 153, 154

cytokinin 153

jasmonic acid 154

nitrogen and carbon 152, 153

O-acetyl-L-serine 151, 152

transcriptional regulation 152, 154, 155

Regulatory proteins 421

Reversible probes 486

Reversible protein modification 173

Rhabdochromatium 294

Rhizobiales 278

Rhizosphere 428

Rhodanese 300, 347

Rhodella maculate 256

Rhodobacter 33, 34, 320, 321, 324

Rhodobacter capsulatus 302, 342

Rhodobacter sphaeroides 137, 186, 295

Rhodobacterales 278

Rhodobacter capsulatus 295

Rhodocyclus 279

Rhodoferax 33, 34, 279

Rhodopila globiformis 293

Rhodopseudomonas 33, 34

Rhodopseudomonas palustris 6, 293

Rhodospirillaceae 276

Rhodospirillales 276

Rhodospirillum 33, 34

Rhodovulum sulfidophilum 6, 299, 303

Riboswitch 104

G-box 105

L-Box 105

S-box 104

Ribulose-1,5-bisphosphate carboxylase 

(Rubisco) 235

Rice paddies 426

Riftia pachyptila 309

rml1 166

RNA stabilization 102

RNA world 106

RNA-directed DNA polymerase 352

roGFP 168, 176

Root arenchyma 426

Root plastids 419

Root respiration 426

Roots 417, 419, 420, 421, 423, 426, 427

Rose Bengal 496

Roseiflexus 292

Roseobacter 34

Roseococcus 34

Roseococcus thiosulfatophilus 291

Roseotales depolymerans 291

Roseovarius 33

Rubisco 404

RuBisCO-like protein 349

Rubrivivax 34, 279

Rumen 428

S
S box 104

S deficiency 428

S status 427

S/R ratio 419

Sabc 235

SAC1 237

sac1 253

sac2 255

sac3 253

SAC3 255

Saccharomyces cerevisiae 163

S-adenosyl methionine 140

S-adenosylhomocysteine (AdoHCys) 241

S-adenosylmethionine (AdoMet) 241

SAH hydrolase 100

Saline habitats 426

Salinibacter ruber 348
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Salinity 426

S-alk(en)yl cysteine sulfoxides 423

S-alk(en)yl-L-cysteine sulfoxides 424

S-alkyl-cysteine sulfoxides 206

S-alkyl-L-cysteine sulfoxides 207, 208

Salmonella typhimurium 41

Salt glands 426

SAM 99

binding domain 102

S-adenosylmethionine 95, 99

sat 345

SAT 66

SAT1 239

SAT2 239

Sbp 235

SbpA 16, 233

S-cells 206

Scenedesmus obliguus 244

Scenedesmus vacuolatus 245, 246

Schizosaccharomyces pombe 171

S-containing amino acids 426, 427

S-containing secondary metabolites 424

Scotophobic response 376, 382, 384

Se 428

Seasonal changes 420

Secondary growth 419

Secondary metabolites 201, 202, 206, 214, 426

Secondary plastids 34

Secondary primary production 387

Secondary sulfur compounds 417, 418, 421, 423, 426

Secondary symbionts 35

Seconday metabolites 215

Secretory pathway 168

Seed production 419

Seeds 24, 421, 427, 428

Seismonasty 123

Selaginella 43

Selaginella moellendorfii 33

Selenate 16, 233, 399, 400, 428

Selenium 248, 428

deficiency 418

Selenocysteine lyase 134

Senescence 405

Sequestration 491

Serine 60

acetyltransferase (SAT) 33, 47, 50, 66, 403, 419

S-glutathionenylation 177

Shedding of foliage 421

Sheep 428

wool production 418

Shoot to root biomass partitioning 419

Shoot to root ratio 419

Shoots 419, 420, 421, 426

shxV 363

Siderophores 99

Signaling 418

Signaling network 178

Signals 419

Singlet oxygen sensor green (SOSG) 494

Sinorhizobium meliloti 187

SiR 52

SIR1, 2, 3, 238

Siroamide 306

Siroheme 132, 306

Sirohemeamide 10

SLC13 family 237

SLC26 family 237

SLIM1 25

S-methylmethionine (SMM) 100, 420, 427

S-nitrosation 495

SO
2
 223, 421

emission 406

Soil 425

aeration 425

temperature 425

water potential 425

Solanaceae 210, 213

Sox 362

sox gene cluster 338

Sox operon 359

Sox pathway 299

Sox system 303, 346

SoxA 296, 346

SoxB 299, 300, 301

SoxCD 300, 338, 347, 362

SoxJ 344, 346

soxK 346

SoxXA 299, 300, 301

SoxY 346, 352

SoxYZ 299, 300, 301, 348

Soybean seed 426

Spartina 426

Spartina alterniflora 241

Spinae 304

Splicing, alternative 103

Split-root experiments 169

S-poor proteins 427

Sporobolus stapfianus 16

Spruce (Picea abies) 420, 421

SQD1 190, 242

SQD2 190, 243

SQDG synthase 187

SqdX 243

SQR-like proteins 342

S-rich storage proteins 427

srpH 238

S-sulfocysteine 61

Standard reduction potentials 176

Starch 252, 427

granules 427

Starkeya novella 310, 347

STAS 21, 22, 26, 237

Stems 419

Stomach cancer 428

Stomata 421

Storage proteins 421, 426, 427

Stress 417, 422–424

Structural growth 419

Stylosanthes hamata 17, 18, 20, 21

Subcellular compartmentationn 62

β-substituting alanine synthases (bsas)

Substratum-irradiated biofilm 453, 455
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suf operon 133

Sugar beet 427

Sugars 427

Sulfanes 466, 467, 474

Sulfate 2, 4, 5, 223, 407, 417, 418–428, 466, 

467, 476–480

adenylyltransferase 355, 365

assimilation 32, 35, 409, 422

evolution of 33

permease 16

reduction 35, 223, 409

respiration 6

salinity 426

transport 15

transporters 35, 406, 423, 428

gene family 418

Group 2, 3, 4, 5, 418

SULTR gene family in Arabidopsis, 150, 151

Sulfated fucans 125

Sulfated galactans 125

sulfated polysaccharides: 408

Sulfate-reducing bacteria 307

Sulfate-reducing prokaryotes 344

Sulfation 224

Sulfhydrogenase 350, 363

Sulfhydrogenase/polysulfide reductase 360

Sulfide 2, 4, 5, 224, 274, 338, 340

Sulfide 6, 60, 378, 380–382, 385–388, 419, 426, 466, 

467, 476

detoxification 330

oxidation 303, 319–321, 326, 330, 331

removal rates 453

resistance 426

signalling 331

disulfide exchange 422

Sulfide:quinone oxidoreductase (SQR) 296, 302, 319–321, 

324–333, 338, 340, 359, 363, 365

Sulfidotrophy 320, 321, 330

Sulfite 5, 186, 223, 274, 340, 344, 350, 402, 419, 421, 426

cytochrome c oxidoreductase 291

dehydrogenase 301, 308, 310

oxidase 143, 223, 310

oxidation 223, 308, 311

reductase (SIR) 4, 33, 46, 48, 139, 238, 303, 306, 307, 

402, 419

Sulfitobacter 342

Sulfitolysis 225

Sulfolipid sulfoquinovosyl diacylglycerol (SQDG) 242

Sulfolipids 2, 403, 404, 423

Sulfonation 112

Sulfoquinovose 186, 402, 423

Sulfoquinovosyldiacylglycerol 186, 420, 423

Sulforaphane 428

Sulfur-oxidizing bacteria 10

Sulfotransferases 37, 112

Sulfoxides 2

Sulfur 417, 418, 421, 424, 425, 428, 462, 466–469, 471–480

allotropes 303

assimilation 137, 402, 410, 419

cycle 3, 8, 358, 387, 388

cycling 223

deficiency 404, 417, 424–426

deficient grass silage 428

diet 418

dioxide 2, 224

donor 417

fertilizers 418, 425, 428

flux in plants 424

gases 417, 418, 420, 421, 426

globule proteins 299, 305, 306

globules 5, 6, 274, 293, 297, 299, 300, 301, 304–307, 340, 

462, 474–477

islands 359, 364

limitation 399, 401, 403, 404, 425

limitation response-less mutant, slim1, 155

metabolism 398, 403, 407, 417

nutrition 417, 423, 426–428

oxidation 301, 302

state 474

reduction 411, 421

pathway 421

relay system 306

requirements 417, 419, 424, 425

responsive element, 156

rings 6, 473

speciation 474–478

species 476, 479

status 418

supply 428

uptake 425

use efficiency 415

Sulfur-acclimation (sac) mutants 253

Sulfur-containing amino acids 421

Sulfur-deficient flour 427

Sulfur-deficient grain 427

Sulfur-deficient plants 419

Sulfur-emitting fumeroles 426

Sulfur-free compound fertilizers 424

Sulfur-induced resistance 424

Sulfur-rich proteins 417, 424

Sulfur-sufficient flour 427

sulfuric acid 404

SulP 16, 234, 235

SULTR1, 2, 3, 237

Superoxide

anions 225

dismutases 493

SURE 25

β8A-β9A surface loop 71

Symbiosis 383, 419

Synechococcus 94

Synechococcus sp. PC7942 186, 233

Synechocystis 134

Synechocystis sp. PCC6803 237

Syntrophy 383

Systemic transport 169

T
Tagetes 215

α-terthiophene 214

Tertiary plastids 34
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Tertiary symbionts 35

Tetra-cysteine peptide motif 497

Tetraselmis sp. 238

Tetrathionate 291, 293, 297

Tetrathionate hydrolase 291

TGA transcription factors 169

Thalassiosira oceanica 238

Thalassiosira pseudonana 34, 35, 43, 235, 236

Thalassiosira weissflogii 238

Thermochromatium 294

Thermodesulfobacterium 9

Thermophilic 381

Thiamine 131

Thioalkalicoccus 294

Thiobaca 294

Thiobacillus 427

Thiobacillus denitrificans 300, 308, 310

Thiobacillus thioparus 308

Thiocapsa 33, 294

Thiocapsa (Tca.) roseopersinica 293, 308, 309, 351, 475

Thiococcus 294

Thiocyanates 204, 205, 425

Thiocystis 294

Thiocystis violaceae 305

Thiodictyon 294, 305

Thioflaviococcus 294

Thiohalocapsa 294

Thiol

buffer 428

compounds 422

groups 421, 427

proteins 421

Thiolamprovum 294

Thiols 421

Thiomargarita namibiensis 6, 475

Thiomolybdate 430

Thionins 212, 417, 424

Thiopedia 294

Thiopedia rosea 305

Thiophenes 7, 214, 215

Thiophores 426

Thioredoxin 7, 9, 238, 361, 365, 402, 421, 492

reductase 244, 361, 365

Thiorhodococcus 294

Thiorhodospira 273, 295

Thiorhodospira sibirica 293

Thiorhodovibrio 294

Thiorhodovibrio winogradskyi 305

Thiospirillum 3, 294

Thiosulfate 2, 4, 5, 274, 291, 293, 297, 299, 338, 340, 474

acceptor oxidoreductase 297

cytochrome c oxidoreductase 291

dehydrogenase 297

oxidation 30, 346

reductase 300

utilization 352

Thiosulfate-oxidizing pathway 299

Thiosulfate-utilizing 338

Thioredoxin (TRX) 243

Thiothrix 3

Thiouridine biosynthesis 307

Thiovulum 3

Threonine (Thr) 95

Thylakoid membranes 192

Tideland wetlands 426

Tomato 18

Total N 428

Total sulfur content 418, 423

Toxicity 210, 214, 215

TR1 248

transaminase 406

Transcript populations 165

Transcription, regulatory protein 104

Transcriptional regulation 25

Transcriptional regulatory proteins 104

Transcriptome analysis 154, 155

Transmethylation 98

Transporter kinetics 24

Transposase 352

Transsulfuration 97

Trees 420, 421

species 419

Triassic 407

Triose-phosphate/phosphate translocator 22

Trisulfanes 7

Trithionate hydrolase 291

Trithiophenes 215

TrkA_C domain 237

Trunks 420, 421

TRXa 244

trxA 244

TRXf 244

TRXh 244

TRXm 244

TRXx 244

TRXy 244

Tubular bioreactor 460 see also phototubes

Tumors 428

Tungstate 311

Turgorin 7

Tyrosylprotein sulfotransferase 124

U
UDP-SQ synthase 187

UDP-sulfoquinovose 187

synthase 242

United Kingdom 424

Upland ecosystems 425

Uptake of sulfate 418, 421

UV-B 423

UV-excitable compounds 485

V
Vacuolar sequestration 168, 170

Vacuolar sulfate 419

Vacuole 402, 419, 421, 423, 424, 426, 491

Vascular tissue 426

Vegetables 428

Vegetative growth 419

Vicilin 426
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Viral and bacterial attack 413

Virus 353

Viscoelasticity 427

vitamin B
12

 98, 104, 105, 239

synthesis 105

Volatile fatty acids 439, 445, 453

Volatile sulfur compounds 417, 424

vtc1 175

vte1 175

W
Wastewater treatment 438, 447, 448, 449

Waterlogged soils 426

Water-soluble non-protein thiol compounds 422

Weathering of rocks 418, 425

Western Europe 424

Wetland ecosystems 425

Wheat 424, 427, 462, 474, 477–480

dough 427

flour 427

grains 427

Wolinella succinogenes 311, 349

Wollastonia biflora 241

Woody plants 419

Wool production 428

Wort 427

X
Xanthine dehydrogenase 141

Xenobiotics 166, 417, 423

X-ray absorption near edge structure 

spectroscopy (XANES) 304, 

305, 462, 466–480

X-ray absorption spectroscopy (XAS) 462, 463, 

468, 469, 471, 474

X-ray diffraction (XRD) 462, 463, 466

Xylem 420, 421

Y
Yang cycle 99

Z
Zn 423

Zygnema circumcarinatum 236
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