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This illustration is a collage of a photograph of the model moss Physcomitrella patens and the graphic maps of 
its plastid (top/front) and mitochondrial (bottom/back) genomes. The Physcomitrella photograph (kindly pro-
vided by Anika Nicolaudius, Bonn and modifi ed with Adobe Photoshop Elements including the water color style 
fi lter option) shows plantlets with developing light-brown spherical sporophytes. The organelle genome maps 
(modifi ed with the Adobe tilting and shifting options) were constructed from the retrieved sequence fi les for the 
plastid genome (GenBank accession number AP005672) and the mitochondrial genome (GenBank accession 
number AB251495) using the freely available drawing tool for organellar genomes OGDRAW (http://ogdraw.
mpimp-golm.mpg.de/). For details on nomenclature and color coding of gene classes, see: Lohse M, Drechsel O 
and Bock R (2007) OrganellarGenomeDRAW (OGDRAW)  - a tool for the easy generation of high-quality custom 
graphical maps of plastid and mitochondrial genomes. Curr Genet 52: 267–274.
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   From the Series Editors   

        W e are delighted to announce the publication 
of Volume 35 in this series. With this volume 
we are making some changes to keep the 
books a leading source of information on 
photosynthesis and related energy processes. 
The series title is now updated to  Advances 
in Photosynthesis and Respiration   Includ-
ing Bioenergy and Related Processes . The 
front cover, which had a distinctive white 
background and color palette has been 
changed to a web-friendly green background. 
The series publisher, Springer, now makes 
the table of contents of all of the volumes 
freely available online. Links to each volume 
are given below. Readers may also see that 
this volume and the past few volumes have 
had signifi cantly more color and the color 
fi gures are now better integrated into the 
chapters, instead of being collected in one 
section of the book. This improvement was 
possible because of changes in how the books 
are produced. Another change is that references 
to chapters in books will soon be tracked by 
bibliographic services. This will help authors 
provide evidence of the importance of their 
work. We hope that these updates will main-
tain the importance of these edited volumes 
in the dissemination of the science of photo-
synthesis and bioenergy.   

   This Book 

 This volume,  Genomics of Chloroplasts and 
Mitochondria  was conceived and edited by 
Ralph Bock (Director and Scientifi c Member 

at the Max Planck Institute for Molecular 
Plant Physiology, Postdam-Golm, Germany) 
and Volker Knoop (Head of the Department 
of Molecular Evolution at Bonn University, 
Germany). Professors Bock and Knoop are 
leading experts on the genomics of plant 
organelles. Mitochondria and chloroplasts are 
the energy organelles of plant cells and have 
their own genomes, refl ecting their evolution-
ary origins as once free-living bacteria. While 
mitochondria are a hallmark of all eukaryotes, 
chloroplasts defi ne plants and related photo-
synthetic organisms. This volume consists of 
19 chapters of up-to-date information on the 
genomics of these fascinating organelles. 
Both organelles exchange genetic information 
with the host nucleus and at the same time 
retain some genes critical for the bioenerge-
tics in these organelles. Further, both organ-
elles have unique roles in photosynthesis and 
in plants more generally. Both organelles 
exhibit very interesting genomic behaviors. 
Perhaps most puzzling and worth learning 
about is RNA editing, in which plant organ-
elles literally change the RNA sequence after 
transcription such that the protein sequence is 
different from that coded by the DNA. 
Changes in the mitochondrial genome over 
the course of evolution of plants and algae is 
also a fascinating theme woven through the 
book. We hope the readers will fi nd this 
volume enlightening and fascinating. We are 
grateful to the editors for their timely submis-
sion of the book and to all the 52 authors who 
contributed to this look at the genomics of the 
energy organelles that underlie life on Earth.  

Advances in Photosynthesis 
and Respiration Including Bioenergy 

and Related Processes
Volume 35: Genomics of Chloroplasts and Mitochondria
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   Authors 

 The current book contains 19 chapters written 
by 52 authors from 8 countries (Australia (5); 
Belgium (2); Canada (6); France (4); Germany 
(13); Italy (2); UK (1); and USA (19)). We 
thank all the authors for their valuable contri-
bution to this book; their names (arranged 
alphabetically) are: 

 John M.  Archibald  (Canada; Chap.   1    ); 
Michael A. Ayliffe (Australia; Chap.   9    ); 
Sidonie  Bellot  (Germany; Chap.   10    ); 
Debashish Bhatta charya (USA; Chap.   2    ); 
Alexandra-Viola Bohne (Germany; Chap. 
  16    ); Nathalie Bonnefoy (France; Chap.   19    ); 
Hans-Peter Braun (Germany; Chap.   15    ); 
Gertraud Burger (Canada; Chap.   6    ); Teodoro 
 Cardi  (Italy; Chap.   14    ); Anil  Day  (UK; Chap. 
  18    ); Holger  Eubel  (Australia; Chap.   15    ); 
Sabrina  Finster  (Germany; Chap.   13    ); Susan 
 Gabay-Laughnan  (USA; Chap.   12    ); 
Philippe Giegé (France; Chap.   14    ); Michael 
W. Gray (Canada; Chap.   1    ); Stephan Greiner 
(Germany; Chap.   11    ); Jeferson Gross (USA; 
Chap.   2    ); Patrice  Hamel  (USA; Chap.   19    ); 
Robert K.  Jansen  (USA; Chap.   5    ); Sabine 
 Kahlau  (Germany; Chap.   14    ); Kenneth G. 
Karol (USA; Chap.   4    ); Frank Kempken 
(Germany; Chap.   19    ); Volker Knoop 
(Germany; Chap.   8    ); B. Franz  Lang  (Canada; 
Chap.   3    ); Veronique Larosa (Belgium; Chap. 
  19    ); Julia Legen (Germany; Chap.   13    ); Libo 
Li (USA; Chap.   7    ); Yang Liu (USA; Chap. 
  7    ); Andrew H. Lloyd (Australia; Chap.   9    ); 
Pal  Maliga  (USA; Chap.   17    ); Aurora M. 
 Nedelcu  (Canada; Chaps.   3     and   6    ); Kathleen 
J. Newton (USA; Chap.   12    ); Jörg Nickelsen 
(Germany; Chap.   16    ); Karen N.  Pelletreau  
(USA; Chap.   2    ); Yin-Long  Qiu  (USA; Chap. 
  7    ); Yujiao Qu (Germany; Chap.   13    ); Claire 
 Remacle  (Belgium; Chap.   19    ); Susanne S. 
Renner (Germany; Chap.   10    ); Adrian Reyes-
Prieto (USA; Chap.   2    ); Mathieu Rousseau-
Gueutin (France; Chap.   9    ); Tracey A. 
Ruhlman (USA; Chap.   5    ); Mary E. Rumpho 
(USA; Chap.   2    ); Thalia  Salinas  (France; 
Chap.   19    ); Christian Schmitz-Linneweber 
(Germany; Chap.   13    ); Nunzia Scotti (Italy; 
Chap.   14    ); Anna E. Sheppard (Australia; 
Chap.   9    ); Nitya Subramanian (USA; Chap. 
  19    ); Jeremy N.  Timmis  (Australia; Chap.   9    ); 

Bin  Wang  (USA; Chap.   7    ); Paul G. Wolf 
(USA; Chap.   4    ); Jiayu  Xue  (USA; Chap.   7    ).  

   Our Books: 35 Volumes 

 We list below information on all the 35 
 volumes that have been published thus far 
(see   http://www.springer.com/series/5599     
for the series web site). We are pleased to 
note that Springer, our publisher, is now pro-
ducing complete  Tables of Contents  of these 
books. Electronic access to individual chap-
ters depends on subscription (ask your librar-
ian) but Springer provides free downloadable 
front matter as well as indexes. As of July, 
2011, Tables of Contents are available for all 
volumes. The available web sites of the books 
in the Series are listed below.

    • Volume 34 (2012) Photosynthesis – 
Plastid Biology, Energy Conversion and 
Carbon Assimilation , edited by Julian Eaton-
Rye, Baishnab C. Tripathy, and Thomas D. 
Sharkey, from New Zealand, India, and USA. 
Thirty-three chapters, 854 pp., Hardcover, 
ISBN: 978-94-007-1578-3 (HB) ISBN
978-94-007-1579-0 (e-book) [  http://www.
springerlink.com/content/978-94-007-1578-3/    ]  
   • Volume 33 (2012): Functional Genomics and 
Evolution of Photosynthetic Systems , edited 
by Robert L. Burnap and Willem F.J. Vermaas, 
from USA. Fifteen chapters, 428 pp., ISBN: 
978-94-007-1532-5 [  http://www.springerlink.
com/content/978-94-007-1532-5/    ]  
   • Volume 32 (2011): C4 Photosynthesis and 
Related CO2 Concentrating Mechanisms,  
edited by Agepati S. Raghavendra and Rowan 
Sage, from India and Canada. Nineteen 
 chapters, 425 pp., Hardcover, ISBN: 978-90-
481-9406-3 [  http://www.springerlink.com/
content/978-90-481-9406-3/    ]  
   • Volume 31 (2010): The Chloroplast: Basics 
and Applications,  edited by Constantin Rebeiz 
(USA), Christoph Benning (USA), Hans J. 
Bohnert (USA), Henry Daniell (USA), J. Kenneth 
Hoober (USA), Hartmut K. Lichtenthaler 
(Germany), Archie R. Portis (USA), and 
Baishnab C. Tripathy (India). Twenty-fi ve 
chapters, 451 pp., Hardcover, ISBN: 978-90-
481-8530-6 [  http://www.springerlink.com/
content/978-90-481-8530-6/    ]  
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   • Volume 30 (2009): Lipids in Photosynthesis: 
Essential and Regulatory Functions,  edited 
by Hajime Wada and Norio Murata, both from 
Japan. Twenty chapters, 506 pp., Hardcover, 
ISBN: 978-90-481-2862-4; e-book, ISBN: 
978-90-481-2863-1 [  http://www.springerlink.
com/content/978-90-481-2862-4/    ]  
   • Volume 29 (2009): Photosynthesis in Silico: 
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edited by Agu Laisk, Ladislav Nedbal, and 
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ISBN: 978-1-4020-9236-7 [  http://www.
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   • Volume 28 (2009): The Purple Phototrophic 
Bacteria,  edited by C. Neil Hunter, Fevzi 
Daldal, Marion C. Thurnauer and J. Thomas 
Beatty, from UK, USA and Canada. Forty-
eight chapters, 1053 pp., Hardcover, ISBN: 
978-1-4020-8814-8 [  http://www.springerlink.
com/content/978-1-4020-8814-8/    ]  
   • Volume 27 (2008): Sulfur Metabolism 
in Phototrophic Organisms , edited by 
Christiane Dahl, Rü diger Hell, David Knaff 
and Thomas Leustek, from Germany and USA. 
Twenty-four chapters, 551 pp., Hardcover, ISBN: 
978-4020-6862-1 [  http://www.springerlink.
com/content/978-1-4020-6862-1/    ]  
   • Volume 26 (2008): Biophysical Techniques 
Photosynthesis , Volume II, edited by Thijs 
Aartsma and Jörg Matysik, both from The 
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[  http://www.springerlink.com/content/
978-1-4020-8249-8/    ]  
   • Volume 25 (2006): Chlorophylls and Bacterio-
chlorophylls: Biochemistry, Biophysics, 
Functions and Applications,   edited by Bernhard 
Grimm, Robert J. Porra, Wolfhart Rü diger, and 
Hugo Scheer, from Germany and Australia. 
Thirty-seven chapters, 603 pp., Hardcover, 
ISBN: 978-1-40204515-8 [  http://www.
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   • Volume 24 (2006): Photosystem I: The 
Light-Driven Plastocyanin:Ferredoxin 
Oxidoreductase,  edited by John H. Golbeck, 
from USA. Forty chapters, 716 pp., Hardcover, 
ISBN: 978-1-40204255-3 [  http://www.
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   Preface 

   The genomics era for plant cell organelles 
started in 1979, when Hans Kössel at the 
University of Freiburg, Germany, sequenced 
the fi rst piece of chloroplast DNA: the 3 ¢ -ter-
minal part of the 16S ribosomal RNA gene 
from maize ( Zea mays ). This was a remark-
able feat, because, in addition to obtaining 
the very fi rst DNA sequence from a plant, 
the study also provided strong molecular 
evidence for the endosymbiotic origin of 
plastids (which, at that time, was still hotly 
debated). By showing that the chloroplast 
16S ribosomal RNA sequence displayed 
strong similarity to the (previously sequenced) 
16S ribosomal RNA gene from the bacte-
rium  Escherichia coli , Hans and his post-doc 
Zsuzsanna Schwarz-Sommer provided com-
pelling evidence for the plastid DNA stemming 
from a prokaryotic ancestor. In the following 
years, many more plastid genes were 
sequenced from many different plant species. 
At the same time, with the advent of new 
molecular tools, such as restriction enzymes 
and hybridization techniques, insights into 
the overall structure and organization of the 
chloroplast genome were obtained. Numerous 
restriction maps and physical maps were 
constructed and integrated with the growing 
amount of sequence information. In 1986, the 
mapping, cloning and sequencing efforts 
culminated in the determination of two com-
plete chloroplast genome sequences: from a 
bryophyte, the liverwort  Marchantia poly-
morpha  (sequenced by Kanji Ohyama’s 
group), and from a seed plant, the cultivated 
tobacco  Nicotiana tabacum  (sequenced by 
Masahiro Sugiura’s group). 

 Due to its more complex genome structure 
and smaller copy number per cell, research 
on plant mitochondrial genomes followed 
suit with some delay. In 1992, it was again 
Kanji Ohyama’s group who determined the 
fi rst complete genome sequence of a plant 
mitochondrial genome, again from their 

favorite model plant, the liverwort  Marchan-
tia polymorpha . Five years later, the fi rst 
genome sequence from a seed plant, the 
brassi caceous weed  Arabidopsis thaliana , 
followed (sequenced by Axel Brennicke’s 
laboratory). 

 The past decade has seen an explosion of 
completed organellar genome projects and 
the list of fully sequenced plastid and mito-
chondrial genomes (  http://www.ncbi.nlm.
n i h . g ov / g e n o m e s / G e n o m e s H o m e .
cgi?taxid=2759&hopt=html    ) is now growing 
almost every day. Importantly, this develop-
ment has been accompanied by a steadily 
improving coverage of diverse taxonomic 
groups and, in this way, organellar genomics 
continues to contribute greatly to resolving 
unclear evolutionary links and phylogenetic 
relationships. Over the last few years, next-
generation sequencing techniques have revo-
lutionized the genomics fi eld and, foreseeably, 
their ever increasing power will keep acce-
lerating also genome research on plant organ-
elles. At the same time, technologies for the 
genome-wide analysis of gene expression at 
the RNA and protein levels become more and 
more powerful and, while currently mainly 
applied in a handful of model plants, will 
likely become routine tools for monitoring the 
dynamic changes of organellar transcriptomes 
and proteomes in response to environmental 
stimuli and developmental cues in many more 
species. With that, plant organelles can poten-
tially be at the forefront of future efforts to 
model gene expression networks and metabo-
lite networks, which represents one of the cor-
nerstones of the nowadays much-talked-about 
fi eld of systems biology. 

 This volume of  Advances in Photosynthesis 
and Respiration  attempts to summarize the 
state of the art in genomics research on plant 
mitochondria and plastids. Its fi rst two chap-
ters are dedicated to the evolution of organ-
elles by primary, secondary and higher-order 
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endosymbioses. Both chapters illustrate 
Natures amazing fondness of experimenting 
with endosymbiotic associations and pinpoint 
important principles involved in the successful 
establishment of enduring endosymbiotic 
relationships. The following six chapters 
(Chaps.   3    ,   4    ,   5    ,   6    ,   7    ,   8    ) give an account of 
genomics research in the various taxonomic 
groups of algae and embryophyte plants. 
They describe the charac teristic features of 
plastid and mitochondrial genomes in each 
taxonomic group, highlight recurring evolu-
tionary patterns that underlie changes in 
genome structure and gene content and 
emphasize the enormous contributions of 
organellar genomics to constructing phylo-
genetic trees and resolving uncertain evolu-
tionary relationships. Chapters   9     and   10     
are dedicated to the gene transfer processes 
involving organellar DNA. While the intra-
cellular transfer of plastid and mitochondrial 
DNA to the nucleus represents the initiating 
event in endosymbiotic gene transfer and, in 
its presumably non-functional form, gene-
rates so-called promiscuous DNA (Chap.   9    ), 
the transfer of organellar DNA between cells 
can result in marvelous examples of hori-
zontal gene transfer between plants, but also 
between plants and other organisms (Chap. 
  10    ). Chapters   11     and   12     deal with mutants in 
plant organellar genomes, their isolation and 
experimental induction. In both plastids and 
mitochondria, the study of mutants has con-
tributed greatly to our understanding of 
organelle physiology and the mechanisms of 
orga nellar gene expression. In addition, 
mutations in organellar genomes are respon-
sible for important agronomic traits, such as 
cytoplasmic male sterility and resistances to 
herbicides. Chapters   13    ,   14     and   15      illuminate 
general aspects of the expression of plant 
organellar genomes. Chapter   13     summarizes 
our current knowledge about RNA editing, a 
still largely enigmatic RNA processing step 
that post-transcriptionally alters the identity 
of individual nucleotide positions in organellar 
transcripts and may represent a mechanism 

to correct DNA mutations at the RNA level 
(Chap.   13    ). The two following chapters address 
the expression of plastid and mitochondrial 
genomes at the RNA (Chap.   14    ) and protein 
(Chap.   15    ) levels. The authors describe meth-
ods for expression profi ling (transcriptomics) 
and proteomics and the exciting insights that 
these studies have provided into the dynamic 
changes in organellar gene expression in 
response to environmental cues, develop-
mental stimuli and genetic perturbations of 
the organellar genetic system. The fi nal four 
chapters (Chaps.   16    ,   17    ,   18    ,   19    ) are 
dedicated to the genetic transformation of 
orga nellar genomes. The current status in trans-
formation methods for plastid genomes of 
algae (Chap.   16    ) and higher plants (Chap.   17    ) 
as well as methods for mitochondrial trans-
formation and transfection of isolated organ-
elles (Chap.   19    ) are reviewed and the various 
applications that organelle transformation 
technologies have in basic research and bio-
technology are discussed. A special chapter 
(Chap.   18    ) is devoted to reverse genetics in 
plastids, which has not only been instrumental 
in elucidating gene functions and structure-
function relationships in chloroplast proteins, 
but also has provided fundamental insights 
in principles of organelle transformation, 
recom bination and genome sorting and, 
moreover, led to the development of novel 
tools for plastid transformation that are 
widely applicable. 

 This volume of  Advances in Photosynthesis 
and Respiration  is written primarily for 
researchers working in the fi elds of organelle 
genetics, gene expression and biotechnology 
as well as plant systematics and evolutionary 
biology. In addition to providing a compre-
hensive overview of their topic, the authors 
of the individual chapters have tried to dis-
cuss concepts, appraise current hypo theses 
and emphasize general principles. Inevitably, 
there is some overlap between the contri-
butions, which, however, has been largely 
limited to the extent needed to ensure that the 
individual chapters can be read in isolation. 
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Authors and editors hope that this book will 
also serve as a stepping stone for students 
becoming interested in organelle biology, 
genomics and evolution and for new resear-
chers entering these fi elds. 

 Last but not least, we wish to express our 
sincere thanks to the authors of each chapter. 
We have been very fortunate to win pree-
minent experts for all chapters – their thor-
oughness and commitment made this book 
possible. We are also grateful to the Series 
Editor Tom Sharkey and the staff at Springer 
Publishers for their valuable help in editing 

and formatting this volume of  Advances in 
Photosyn thesis and Respiration . 

 Ralph Bock 
 Max Planck Institute of Molecular Plant 

Physiology 
 Potsdam-Golm, Germany

rbock@mpimp-golm.mpg.de 

 Volker Knoop 
 University of Bonn 

 Germany
volker.knoop@uni-bonn.de    
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